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ABSTRACT 
................................................................ 
The pr imary  o b j e c t i v e  of  t h i s  program was t o  d e s i g n ,  deve lop ,  and 
test h igh- tempera ture  dynamic s e a l s  f o r  t h e  gaps  between t h e  s t r u c -  
t u r e  and aerodynamic c o n t r o l  s u r f a c e s  on t h e  Space S h u t t l e .  These 
aerodynamic s e a l s  a r e  r e q u i r e d  t o  p reven t  h igh- tempera ture  a i r f l o w  
from damaging the rma l ly  unpro tec t ed  s t r u c t u r e s  and components d u r i n g  
e n t r y .  
R-3 s e a l  concepts  evolved  from t h i s  program--a c u r t a i n  s e a l  f o r  
t h e  spanwise e l evon  cove gap ,  and a  l a b y r i n t h  s e a l  f o r  t h e  a r e a  
above t h e  e l evon ,  a t  t h e  gap between t h e  end o f  t h e  e levon and 
t h e  f u s e l a g e .  On t h e  b a s i s  o f  development t e s t i n g ,  bo th  s e a l  
concepts  were shown t o  b e  f e a s i b l e  f o r  c o n t r o l l i n g  i r t e r n a l  tem- 
p e r a t u r e s  t o  350°F o r  less when exposed t o  a  t y p i c a l  Space S h u t t l e  
e n t r y  environment.  The c u r t a i n  s e a l  concept  demonst ra ted  exce l -  
l e n t  t e s t  r e s u l t s  and merits s t r o n g  c o n s i d e r a t i o n  f o r  a p p l i c a t i o n  
on t h e  Space S h u t t l e  O r b i t e r .  The l a b y r i n t h  s e a l  concep t ,  a l t hough  
demonst ra t ing  s i g n i f i c a n t  t empera tu re - r educ t ion  c h a r a c t e r i s t i c s ,  
may o r  may n o t  be r e q u i r e d  on t h e  O r b i t e r ,  depending  on t h e  a c t u a l  
d e s i g n  c o n f i g u r a t i o n  and f l i g h t  environment.  
v i i  
The Space S h u t t l e  w i l l  r e q u i r e  aerodynamic c o n t r o l  s u r f a c e s  f o r  
use  dur ing a s c e n t ,  e n t r y ,  c r u i s e ,  and landing.  During e n t r y  the  
windward s u r f a c e s  w i l l  be subjected t o  high hea t ing  r a t e s ,  making 
i t  necessary t o  p r o t e c t  t h e  s t r u c t u r e ,  c o n t r o l  s u r f a c e s ,  and con- 
t r o l  s u r f a c e  a c t u a t o r s ,  a s  w e l l  a s  i n t e r n a l  plumbing, wi r ing ,  and 
equipment. A i r c r a f t  s e a l s ,  sucn a s  those  used on t h e  X-15 a i r -  
p lane ,  have s u c c e s s f u l l y  o p e r ~ t d d  i n  t h e  realm of 1200°F, and t h e  
s ingle-use  s e a l  on t h e  PRIME v e h i c l e  opera ted s u c c e s s f u l l y  up t o  
3000°F. However, t h e  aerodynamic s e a l s  f o r  t h e  Space S h u t t l e  
must be r e u s a b l e  a f t e r  opera t ing  i n  an  environment where t h e  sur-  
f a c e  temperatures may exceed 2000°F, and t h i s  r e q u i r e s  t h e  devel- 
opment of new, high-temperature dynamic s e a l s .  
During t h i s  c o n t r a c t ,  Martin Mar ie t t a  conducted a Space S h u t t l e  
technology program t o  des ign ,  develop,  and t e s t  h igh temperature 
dynamic s e a l s  f o r  s e a l i n g  o f f  c o n t r o l  s u r f a c e  gaps from high- 
temperature gas  flow. A two-phase t e s t  program was i n i t i a t e d  t o  
d e f i n e  t h e  cove gap hea t ing  environment and t o  e v a l u a t e  t h e  s e a l  
des ign concepts der ived from t h e  plasma a r c  environmental t e s t s .  
The environmental  t e s t s  i n d i c a t e d  that--  
1 )  Heating l e v e l s  a r e  s u b s t a n t i a l l y  lower i n  a sea led  gap than 
i n  an  unsealed gap; 
2) Heating r a t e s  a t  t h e  i n t e r n a l  s e a l  l o c a t i o n  (hinge l i n e )  a r e  
less than 2% of t h e  r a t e s  a t  t h e  e x t e r n a l  su r face ;  
3) P ressure  l e v e l s  i n  sea led  gaps approximate those  a t  t h e  ex- 
t e r n a l  s u r f a c e ;  and 
4 )  Heating is higner  a s  t h e  gap width i n c r e a s e s ,  a s  t h e  elevon 
is  lowered, and a s  t h e  leakage i n c r e a s e s .  
The test d a t a  and r e s u l t a n t  thermal a n a l y s i s  r e s u l t e d  i n  two s e a l  
concepts--a f l e x i b l e  c u r t a i n  s e a l  f o r  t h e  spanwise elevon cove gap,  
and a l a b y r i n t h  s e a l  f o r  t h e  elevon c loseout  gap. Three plasma a r c  
models incorpora t ing  t h e s e  concepts were then b u i l t  and t e s t e d  
through a t y p i c a l  Space S h u t t l e  e n t r y  hea t ing  environment. The 
f i r s t  model used a c u r t a i n  sea; a t  t h e  elevon cove gap; t h e  sec- 
ond, a l a b y r i n t h  s e a l  a t  t h e  elevon end c loseou t ;  and t h e  t h i r d  
had no s e a l  a t  t h e  elevon end gap. 
v i i i  
These s e a l  e v a l u a t i o n  t e s t s  revealed t h a t  
1 )  The c u r t a i n  s e a l  can s u r v i v e  t h e  e n t r y  hea t  p u l s e  and i t s  
use  limits t h e  unprotected s t r u c t u r e  t o  a maximum temperature 
of 525°F ( f o r  a 0.50-in. cove gap, 0.50-in. end gap, and the 
elevon 10" down); 
2 )  The l a b y r i n t h  s e a l  reduces  end gap e f f e c t s  on the  c u r t a i n  s e a l  
and lowers t h e  temperature of t h e  surrounding s t r u c t u r e  by 
more than 50%; 
3) Resu l t an t  i n t e r n a l  temperature  e f f e c t s  can be toJ.erated with- 
ou t  s e a l i n g  t h e  elevon end c loseou t  gap; 
4 )  The unsealed elevon end gap t e s t  i d e n t i f i e d  s new design prob- 
lem f o r  end gap TPS s u r f a c e s :  a r a d i a t i o n  blockage e f f e c t ,  
coupled w i t h  r e l a t i v e l y  h igh convect ive  hea t ing  l e v e l s ,  pro- 
duces temperatures exceeding 3000°F and c,ases t h e  RSI coat-  
ings  t o  deform. 
INTRODUCTION 
The o v e r a l l  purpose of t h i s  program was t o  recommend des igns  ;I 
s e a l i n g  gaps between t h e  s t r u c t u r e  and aerodynamic c o n t r o l  sui!'ace3 
f o r  t h e  Space S h u t t l e  O r b i t e r .  S p e c i f i c  end items were t o  inc lude  
recommended s e a l  des igns ,  a development t e s t  p lan ,  a deve lopme~~t  
t e s t  r e p o r t ,  an a n a l y s i s  r e p o r t ,  and a f i n a l  r e p o r t ,  inc luding a 
recommtnded q u a l i f j s a t i o n  t e s t  program and a l i s t  of a r e a s  f o r  
f u r t h e r  i n v e s t i g a t - o n  and development. 
Martin M a r i e t t a ' s  approach f o r  implementing t h e s e  o b j e c t i v e s  con- 
s i s t e d  of a 9-morch coordinated a n a l y t i c a l  and experimental  pro- 
gram t o  develop f-ynamic s e a l  concepts.  The o u t l i n e  of t h e  pro- 
gram is  shown i n  F igure  1. The o b j e c t i v e s  of each t a s k  a r e  sum- 
marized below: 
Task I - Review, e v a l u a t e ,  and s e l e c t  a p p l i c a b l e  s e a l  concepts 
f o r  f u r t h e r  st \  y 
Task I1 - Perform s t r u c t u r a l ,  environmental ,  and thermal ana lyses  
t o  suppor t  t h e  des ign  and development s t u d i e s  
Task I11 - Conduct tests and ana lyses  t o  determine t h e  s e n s i t i v i t y  
of elevon cove gap environments and thermal responses  t o  
cove gap width,  elevon p o s i t i o n ,  end gap l a t e r a l  flow e f f e c t s ,  
and leekage 
Task I V  - Evaldate t h e  r e s u l t s  of Tasks I t h r u  I11 and recommend 
s e a l  des igns  f o r  f a b r i c a t i o n  and t e s t i n g  
Task V - Design and f a b r i c a t e  plasma a r c  test models f o r  environ- 
mental  t e s t i n g  and e v a l u a t i o n  of t h e  s e a l  conc . ) t s  
Task V I  - Perform a two-phase plasma a r c  t e s t  program t o  de f ind  t h e  




















































































































































































































TASK I - DESIGN CONCEPT REVIEW 
--------------~* ..-..- .......................................... 
The o b j e c t i v e  of Task I was t o  make a  thorough survey of s e a l  de- 
s i g n s  t h a t  have been s u c c e s s f u l l y  flown i n  h igh hea t ing  environ- 
ments, a s  w e l l  a s  new conceptual  des ign  approaches d e v ~ ~ o p e d  f o r  
Space S h u t t l e  a p p l i c a t i o n .  Two t e s t  v e h i c l e s  thag have f l o c n  
wi th  s e a l s  a r e  t h e  Mach 6.7 X-15A-2 a i r c r a f t  and t h e  PRIME l i f t i n g  
body r e e n t r y  v e h i c l e .  
SURVEY OF EXISTING FLIGHT-QUXLJ- 'ED SEALS 
X-15A-2 Mach 6.7 Aircraft - The X-15A-2 a i r c r a f t  was prepared by 
Martin Mar ie t t a  f o r  Mach 6.7 f l i g h t  by making a  number of  modi- 
f i c a t i o n s  t o  t h e  v e h i c l e .  The wing-flap a r e a  o r i g i n a l l y  had a  
m e t a l l i c  wiping s e a l  between t h e  f l a p  and f u s e l a g e ;  t h i s  s e a l  was 
removed and t h e  gap was reduced by bonding an i n s e r t  of MA-25s-1 
a b l a t o r  a g a i n s t  t h e  fuse lage .  The next  change a f f e c t e d  t h e  f l a p -  
to-wing j o i n t  which was a  nes ted  cove wi th  no s e a l .  The l e a d i n g  
edge of t h e  f l a p  was sprayed w i t h  MA-25s a b l a t o r  w i t h  t h e  f l a p  i n  
t h e  up p o s i t i o n  and t h e  a b l a t o r  was t a i l o r e d  t o  a  gap of approxi-  
mately 1/16 i n .  F i n a l l y ,  t h e  gaps between t h e  h o r i z o n t a l  s t a b i -  
l i z e r  and t h e  f u s e l a g e  and between t h e  upper and lower v e r t i c a l  
s t a b i l i z e r s  and t h e  f i x e d  s e c t i o n s  were reduced by b u i l d i n g  up 
a b l a t o r  . 
PRIME - The PRIME veh.Lcle (shown i n  Fig .  2) was a maneuvering 
e n t r y  v e h i c l e  wi th  a c t u a t e d  f l a p s .  The gap around t h e  upper su r -  
f a c e  of  t h e  hinged f l a p  was s e a l e d  by us ing s i l i c a - p h e n o l i c  and 
carbon-phenolic s l i d i l l g  s e a l  b locks  t o  prevent  ho t  gas  from pass ing  
through t h e  gap. F igure  3 shows t h e  recovered f l a p  and t h e  
a b l a t o r  char  p a t t e r n s  and c l e a r l y  shows t h a t  t h e  s e a l s  were e f -  
f e c t i v e  i n  s topping f lcw through t h e  gqp. 
YEW 2ONCEPTUAL DESIGNS FOR SHUTTLE 
Test  d a t a  acquired  dur ing t h e  Martin M a r i e t t a  PRIME program (Ref 1 
and 2) and i n  a  i a t e r  NASA s tudy  (Ref 3)  have shown t h a t  t h e  e n t r y  
thermal environment i n  a c o n t r o l  s u r f a c e  gap dec reases  from t h e  
en t rance  of t h e  gsp  t o  the e x i t .  The r a t e  of  dec rease  is a  func- 
t i o n  of t h e  gap width,  c o n t r o l  s u r f a c e  d e f l e c t i o n ,  and whether 
t h e  gap is sea led  o r  rat, In  us ing t h e s e  d a t a  t o  determine  t h e  
environment w i t h i n  t h e  Space S h u t t l e  c o n t r o l  s u r f a c e s  we found 
t h a t  t h e  hea t inp  l e v e l s  decreased t o  1% of t h e  l o c a l  s u r f a c e  v a l u e  a t  
d i s t a c q e s  more than 6 i n .  from t h e  gap en t rance .  Th i s  sugges ted  
t h a t  c o a t r o l  s u r f a c e  s e a l s  be p laced i n  t h i s  lower h e a t i n g  reg ion ,  
r a t h e r  than a t  t h e  e n t r a n c e  t o  t h e  gap where t h e  h e a t i n g  environ- 
ment is much more seve re .  
- 1  I 
F i g .  3 Sealed finqe Line, PRIPE T7e7:3cL 
The two b a s i c  s e a l  concepts proposed f o r  Space S h u t t l e  a p p l i c a t i o n  
a r e  t h e  f l e x i b l e  c u r t a i n  s e a l  and t h e  rubbing s e a l .  Both concepts 
involve buried s e a l s  and designs  u t i l i z i n g  t h e  r e s u l t s  of pre- 
v ious  analyses ,  plasma a r c  t e s t s ,  and f l i g h t  t e s t s .  Six  des ign 
concepts, shorn i n  Figures  4 th ru  9, a r e  v a r i a t i o n s  of t h e  two 
bas ic  concepts . 
Concept I ,  CwtaZn Sea2 - Figure  4 d e p i c t s  a c u r t a i n  made of a 
s i l i c a  c l o t h  ircpregnated w i t h  s i l i c o n e  rubber and a t t ached  t o  both 
t h e  wing and elevon. The c u r t a i n  has enough s l a c k  t o  a l low f u l l  
elevon d e f l e c t i o n ,  and t h e  concept is forgiving of wing-elevon 
to le rance  buildups and wing-elevon d i f f e r e n t i a l  d e f l e c t i o n s .  
Concept 2 Rubbing Sea2 - The rubbing s e a l  des ign shown i n  Figure  5 
c o n s i s t s  of a spring-loaded s i l i ca -phenol ic  block. This concept 
maintains s e a l  contact  and is a l s o  forgiving of t o l e r a n c e  buildups 
and d i f f e r e n t i a l  d e f l e c t i o n s .  I n  a d d i t i o n ,  t h i s  type of s e a l  is 
more r e s i s t a n t  t o  temperature excurs ions  than s i l i c o n e  rubber 
s e a l .  
Concept 3, Hinge-Slgport -d C v t a i n  S e a l  - The hinge-suppor ted  
c u r t a i n  s e a l  shown i n  Figure  6 is a redundant s e a l  t h a t  uses  a 
m e t a l l i c  hinge t o  back up t h e  s i l i c o n e  rubber c u r t a i n .  This  
hinge serves  as a p o s i t i v e  guide f o r  t h e  s i l i c o n e  rubber c u r t a i n  
and a c t s  as a hot  gas  b a f f l e  i n  c a s e  t h e  c u r t a i n  f a i l s .  
Concept 4 ,  Dual Seal (Wire Brush/Rubbing) - Figure 7 shows a con- 
cep t  t h a t  uses  two seals--a high-temperature wi re  brush (made from 
L-605 wires)  i n  t h e  cove gay area and a s i l i c o n e  rubber rubbing 
seal bur ied i n  t h e  r e l a t i v e l y  low temperature a rea .  I n  t h i s  con- 
cept  t h e  rubber s e a l  would have t o  have a l a r g e  d e f l e c t i o n  cap- 
a b i l i t y  t o  handle t o l e r a n c e  buildups and d i f f e r e n t i a l  d e f l e c t i o n s .  
Concept 5 ,  Dual Seal (Leaf Spring/Rubbing) - This  d u a l  seal design 
is shown i n  Figure  8 and is similar t o  Concept 4, except t h a t  a l e a f  
sp r ing  is used a s  t h e  high-temprrature gas  b a f f l e .  Ren6 41 o r  
L-605 m a t e r i a l  could be used f o r  t h e  l e a f  sp r ing .  
Concept 6,  Rubbing Seal, Silicone Rubber - The simple rubbing seal 
shown i n  Figure  9 is probably t h e  l e a s t  r e l i a b l e  of a l l  t h e  con- 
cepts.  
Tabiz 1 compares seven candidate  designs--the s i x  concepts de- 
sc r ibed  above p lus  a ho t  seal concept proposed by North American 
Rockwell (Ref 4). The r a t i n g s  a r e  based on a g ross  c u t  compari- 
son, and a l l  itezns are compared r e l a t i v e  t o  Concept 1. Based 
Wing 7 .A 
Si 1 icone RubberIGl ass Cloth Curtain 
Fig. 4 Wing-Ekvm Cove Seal: Concept I - Curtain Seal 
l p r i  ng-loaded Si 1 i c o 1  i c Rubbing B l  ork 
fig. 5 Wing-E&vtm Cove SeaZ: Concept 2 - Rubbing Seal 
Fig. 6 Wing-Elevon Cove Seal: Concept 3 - Binge-Supported Curtain Seal 
Wire Brush 
M e t a l l i c  Hot Seal 
(Backup Insulat ion 
. - 
Fig. 7 Wing-EZewn Cove Seat: Concept 4 - D u a Z  seal M2a ~ m h / ~ u b b i n ~ )  
Si l icone  Rubber SealJ 
Fig .  8 Wing-Elevon Cove Seal: Concept 5 - Dual Seal (Leaf Spr-ing/Rubbingl 
Rubber Seal 































































































































































































































































































































































































on t h e  r e s u l t s  shown i n  t h e  t a b l e ,  we s e l e c t e d  t h e  c u r t a i n  s e a l  
a s  t h e  b a s e l i n e  concept f o r  f u r t h e r  s tudy and a n a l y s i s ,  and chose 
t h e  rubbing s e a l  as t h e  backup concept. 
In a d d i t i o n  t o  s e l e c t i n g  candidate  concepts,  we reviewed s e v e r a l  
b s s e l i n e  a s ~ u m p t i o n s  and NASA-supplied c r i t e r i a  t o  e s t a b l i s h  t h e  
ground r u i c c  and g u i d e l i n e s  f o r  t h e  remainder of t h e  program. 
These b a s i c  assumptions and design c r i t e r i a  a r e  a s  fol lows:  
1) S t r u c t u r a l  Basel ine  - The s t r u c t u r a l  s u b j e c t  of t h i s  program 
is t h e  elevon, considered t o  be t h e  c o n t r o l  s u r f a c e  most 
s e n s i t i v e  t o  t h e  e n t r y  environment. The b a s e l i n e  elevon con- 
f i g u r a t i o n  and hinge l i n e  l o c a t i o n s  a r e  depic ted i n  Figure  10.  
Addi t ional  c r i t e r i a  were: 
Elevon Rotat ion Envelope: -SO0 t o  +20°; 
Nominal Elevdn Cove Gap Width: 0.50 i n . ;  
Nominal Elevon End Gap Width: 0.50 in . ;  
2 )  Entry Environment Basel ine  - Heating r a t e  and p ressure  h i s t o r i e s  
dur ing e n t r y  were s u p ~ l i e d  by NASA and a r e  shown i n  Figure  11; 
3) Thermal Basel ine  - Maximum temperature l i m i t a t i o n s  were as-  
sumed t o  be: 
RSI: 2500°F, 
Seal:  500°F, 
Aluminum St ruc tu re :  350°F; 
4) Other c r i t e r i a :  
& = 9.9 Btu/ft2-sec,  
ref 
+$L . -4 -
Hlnge Location ITypical, 
Outboard Inboard 13; 5 
We: All dimensions are In inches. 
-- 
Hote: 1. Windward sur face o f  the d e l t a  o r b i t e r .  
2. Ent ry  a t  a = 30" 
3 .  Numbers near as te r i s ks  denote f l i g h t  
sur face pressure i c  p s i .  
Loca 1 Heat i ng 1 
Rate, 9, 
Ent ry  Time, sec 
Fig. 1 I Base l ine  Heating Environment 
PRECEDING PAGE BLANK NOT F I L D  
TASK I1 - ANALYSIS 
-.--------------------------------------------------------------- 
WING-ELEVON GAP ANALYSIS 
A wing-elevon gap a n a l y s i s  was conducted t o  determine t h e  nominal 
cove gap width and end gap width. The b a s e l i n e  conf igura t ion  
used i n  t h i s  a n a l y s i s  was a Phase C Shutt le-proposal  s t r u c t u r e  
t h a t  employed a  s p l i t  elevon. The s t i f f n e s s  of t h e  elevon was 
derived from a Martin Mar ie t t a  s t r u c t u r e s  drawing and used t o  ca l -  
c u l a t e  t h e  elevon d e f l e c t i o n s .  Resu l t s  rhowed t h a t  t h e  l a r g e s t  
d i f f e r e n t i a l  d e f l e c t i o n s  between t h e  wing and elevon occurred 
during ascen t  a t  t h e  inboard end of t h e  inboard elevon. The d i f -  
f e r e n t i a l  d e f l e c t i o n s  between t h e  wing and elevon a t  l i m i t  load 
were d l s o  ca lcu la ted  and a  f a c t o r  1.15 was app l ied  t o  o b t a i n  t h e  
design d e f l e c t i o n s .  Figure  12 summarizes t h e  manufacturing gap 
to le rances ;  Figures  13 and 1 4  summarize t h e  inboard and outboard 
elevon d e f l e c t i o n s ;  and Figures  15 and 16 d e p i c t  t h e  r e s u l t s  of 
t h e  elevon cove gap and elevon end gap s i z i n g  s t u d i e s .  D e t a i l  
of t h e s e  analyses  a r e  included i n  a  s e p a r a t e  document t h a t  w i l l  
be submitted wi th  t h e  f i n a l  d i s t r i b u t i o n  of t h i s  r e p o r t  (Ref 7 ) .  
THERMAL ANALYSIS - ENVIRONMENTAL TEST 
The second p a r t  of t h i s  t a s k  was a  thermal a n a l y s i s  of t h e  cove 
gap heat ing environment def ined wi th  Task V I  Phase I t e s t s .  Our 
i n i t i a l  e f f o r t s  enabled u s  t o  formulate  a  r e a l i s t i c  thermal model 
and determinate  the a p p l i c a b l e  i n t e r n a l  r a d i a t i o n  view f a c t o r s ,  
as shown i n  Figures  17  and 18, r espec t ive ly .  Figure  18 d e p i c t s  
t h e  view f a c t o r s  f o r  t h e  t h r e e  cove gap widths and t h r e e  elevon 
p o s i t i o n s  used i n  t h e  Phase I t e s t  program. 
Figures 19 t h r u  21 analyze temperature responses t o  conclus ions  
drawn from Phase I tests. These conclus ions  were: 
1) The lowest c u r t a i n  s e a l  temperature occurs  w i t h  no elevon 
d e f l e c t i o n  (Fig. 19)  ; 
2) T r i p l i n g  t h e  gap width doubles t h e  s e a l  temperature ( ~ i g .  20); 
3) The end gap e f f e c t  r e s u l t i n g  from t h e  l a t e r a l  f low i n  t h e  cove 
gap inc reases  t h e  s e a l  temperature by 16S°F (Table 2 ) ;  
4) I n t o l e r a b l e  temperatures occur i n  an  unsealed cove gap (Table 3); 
5) Some leakage through t h e  cove gap s e a l  may be  t o l e r a b l e  (Fig. 21). 

f l e v o n  Hinge L ine  
2 112-9 Maneuver bW-E = 0 .014  i n .  
dwe = -0  030 
= -0.154 
dW-[ = 0 .124  i n  = Maximum D i f f e r e n t i a l  
C los lng  Def lec t ion  
Fig. 13 Outboard EZevon De f 2ection.s 
Condition s t  Point 8 Def lect ions a t  Point  8 I_ 
Maximum qa (*)  due = 0.410 
Ascent 
dEe = 0.032 
Maximum D i f f e r e n t i a l  Closing Def lect ion 
Maximem D i f f e r e n t i a l  Opening Oeflection 
I Maximum q a (-1 dye = 0.430 Ascent 6,. = 0.032 
F i g .  1 4  Inboard EZevon Deflections 
Inboard Elevon 
'max = 0.435 in. (Maximum qaduring Ascent) 
W ~ 0 . 3 6 9  + 0.148 30.517 in. 
Outboard Elevon 
a = 0.143 in. (During 2 112 g Maneuver) 
max 
W = 0.121 +0.148+0.035=0.3041n.  
Fig. 15 Elevon Cove Gap Requirements 
Pod 
Elevon 
Elevon Deflection, ,I 
Tolerance, in, 
0.038 Hinge Line (Maxim um Angular) 
0.050 Hinge Fitting (2) 
0.060 Hinge Fitting Location (2) 
0.050 RSI Thickness + Strain Isolator (2) 
0.030 
- RCS Pod Location 
+ 0.228 
- Maximum Tolerance Buildup 
Maximum Differential Closing 
Deflection = 0.118 in. 
I 
t O.@O in. ----I 
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Cove Gap Width, W, in. 
Fig.  20 T e m p e r a t m  Respotses t o  VmiabZe Gap Widths 

Table 2 Effect of End Gap on TsmpeMtures 
Maximun Curtain Seal Temperature, .F 1 500 1 665 
Leakage, X 
Maximum Outer Surface Temperature, O F  
Maximun Cove Gap Surface Temperature, O F  
bx inum Cavity Wall Temperature, O F  
Leakage, X 
Maximum Outer Surface Temperature, O F  
r.hximum Cove Gap Surface Temperature, O F  







Maximum Elevon Structure Temperature, O F  
J 
With Without 




















THERMAL ANALYSIS - PHASE I1 TEST MODELS 
To a s s i s t  us i n  designing the  Task V I  Phase I1 test models, w e  
conducted a thermal ana lys i s  t o  p red i c t  t y p i c a l  f l i g h t  en t ry  tem- 
peratures  on t h e  c u r t a i n  seals, t he  l aby r in th  seal i n  t h e  end gap, 
t h e  aluminum s t ruc tu re ,  and t h e  RSI system. For t h i s  a ~ a l y s i s  w e  
assumed a test configurat ion cons is t ing  of an i n s t a l l e d  c u r t a i n  
seal, a 0.50-in. cove gap, and a 10' down elevon posi t ion.  Figure 
22 dep ic t s  temperatures i n s i d e  the cove gap and supports  our de- 
s ign  ana lys i s  of t h e  RSI, Figure 23 relates t h e  temperature 
responses t o  l o c a l  heat ing da t a  from t h e  Phase I tests, and Figure 
24 shows the  temperatures on the  l aby r in th  s e a l  produced by pre- 
d ic ted  end gap heat ing rates on t h e  test model. 
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TASK I11 - SENSITIVITY STUDIES 
................................................................ 
ELEVON COVE AND END GAP SENSITIVITY STUDIES 
Wind tunnel t e s t s  have shown tha t  the  parameters affecting aero- 
dynamic heating within a cont ro l  sur face  gap a r e  gap width, leakage 
through the  gap, and the def lec t ion  angle of t he  cont ro l  surface 
(Ref 1 thru  3). The s tud ie s  a l so  showed t h a t  sea l ing  the  hinge 
l i n e  gap can s ign i f i can t ly  reduce the  convective environment with- 
i n  t h e  gap. A successful  seal design, however, requi res  a r  ac- 
ctirate knowledge of t he  l o c a l  convective environment i n  the gap. 
Although the  e a r l i e r  s tud ie s  have indicated the  s ign i f i can t  param- 
e t e r s  and t h e i r  e f f e c t s ,  the  l a rge r  dimensions and d i f f e r e n t  geom- 
e t r y  associated with the  Space Shu t t l e  introduced questions con- 
cerning the  d i r e c t  use and/or sca l ing  of these data .  
The objec t ive  of t h i s  t a sk  was t o  acquire  aerodynamic heating 
da ta  f o r  a representa t ive  gap f o r  a Space Shu t t l e  con t ro l  surface 
and t o  determine the  e f f e c t  of gap width, flow leakage through the  
gap, con t ro l  sur face  def lec t ion ,  and end e f f e c t s  on the  convective 
heating environment within t h e  gap. To implement these  objec t ives  
we i n i t i a t e d  a Phase I environmental de f in i t i on  t e s t  program, 
using an appropi ia te ly  instrumented model t o  record the  s a l i e n t  
aerothermodynamic c h a r a c t e r i s t i c s  of t he  flows wi th in  a hinge l i n e  
gap. Test condi t ions were se lec ted  t o  simulate port ions of t he  
expected fu l l - sca le  Space Shu t t l e  environment. 
This sec t ion  of t he  repor t  w i l l  not attempt t o  descr ibe the  com- 
p l e t e  Phase I test program, but w i l l  summarize the  t e s t  r e s u l t s  
and d iscuss  the  s e n s i t i v i t y  of t he  gap environment t o  t he  pre- 
viously discussed var iab les .  
Sens i t i v i ty  of Gap Environment t o  Cove Gap Width 
Figures 26 and 27 show the  e f f e c t  of cove gap width on the  pres- 
su re  and heat ing d i s t r i b u t i o n s  within t h e  cove gap f o r  th ree  d i f -  
f e r en t  cont ro l  sur face  posi t ions.  The pressure d i s t r i b u t i o n s  
shown i n  Figure 26 show t h a t  t he  pressure was constant up t o  t he  
cu r t a in  seal, but  dropped of f  rap id ly  behind t h e  seal. The gap 
width had a r e l a t i v e l y  in s ign i f i can t  e f f e c t  on t h e  pressure d is -  
t r i b u t i o n  ahead of t h e  6-1. The biggest  pressure change occurred 
when t h e  con t ro l  sur face  was deflected downwards and caused t h e  
increased pressure on the  cont ro l  sur face  t o  be fed i n t o  the  cove 
gap region. 
Measurement No. 
I Legend : 0 0 .25 - in .CoveGap I 
(a) 6 = 00 (b) tleasurement Locations 
Measurement NO. Measurement No. 
(c) 6 = 10' Down (d) 6 = lo0 Up 
Fig.  26 S e n s i t i v i t y  o f  Pressure Meu~urenlents t o  Cove Gap Width and 
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Changing the  gap width had a much g rea t e r  e f f e c t  on the  heatcng 
environment i n  t he  gap. Figure 27 shows t h a t  increasing the  gap 
width from 0.25 t o  0.5 i n .  increased the  heating i n  the  gap by 
f ac to r s  ranging from 2 t o  4 f o r  each of the th ree  cont ro l  sur face  
pos i t ions  t h a t  were tes ted .  Further increasing the  gap width 
from 0.5 t o  0.75 in .  a l s o  increased the  average heating l e v e l  
within the  gap cav i ty ,  but t o  a l e s s e r  degree. 
Sens i t i v i t y  of Cove Gap Environment t o  Control Surface Deflect ion 
The calorimeter da ta  shown i n  Figure 27 have been r ep io t t ed  i n  
Figure 28 using cont ro l  sur face  de f l ec t i on  a s  t he  parameter. The 
r e s u l t s  of t h i s  ana lys i s  show t h a t  a downward de f l ec t i on  increased 
the  heating within the  gap over that recorded a t  t h e  0" pos i t ion  
f o r  a l l  th ree  gap widths. A comparable reduction wi th  a 10" up- 
ward def lec t ion  did not occur--in f a c t  t he  heating sometimes in- 
creased. 
We suspect that the  gap tends t c ?  a c t  a s  an a t tenua tor  f o r  flow 
i n t o  t h e  cavi ty .  A s  the  cont ro l  sur face  changes pos i t ion  from 
0' t o  10" upward, the  gap length  is decreased; but s i nce  t h e  pres- 
s u r e  l e v e l  ou ts ide  t he  gap does not change, hidher energy flow is 
allowed i n t o  the  cavi ty .  Conversely, a downward de f l ec t i on  in- 
creases  t he  gap length  and, o ther  things being equal,  should re- 
duce t h e  heating environment i n  t he  cavi ty .  However, t h e  in- 
creased pressure f e l t  by the  def lected cont ro l  sur face  propagates 
i n t o  t he  cav i ty  and o f f s e t s  t h e  a t tenua t ing  e f f e c t  of t h e  in- 
creased gap length. 
Ef fec t  of End Gap 
Figure 29 compares the  heat  d i s t r i b u t i o n s  i n  t he  sealed cove gap 
wi th  and without a 0.5-in. end gap f o r  a cont ro l  sur face  t ipped 
10" down. Note t h a t  the-end  gap caused a subs t an t i a l  increase  
i n  cove gap heating l e v e l s  f o r  a 0.25-in. cove gap, but t h a t  t he re  
was only a s l i g h t  increase f o r  a 0.5-in. cove gap and no change 
(on the  average) f o r  a 0.75-in. cove gap. These d i f fe rences  a r e  
not r e f l ec t ed  i n  t h e  pressure d i s t r i b u t i o n s  (see Fig. 30): each 
gap width produced bas i ca l l y  t h e  same pressure d i s t r i b u t i o n  both 
wi th  and without t he  end gap. Yet i n  a l l  cases,  the  and gap re- 
duced t h e  pressure gradient  across  t h e  seal--lowering t h e  pres- 
su re s  i n  t h e  cove gap region and increasing t h e  pressure behind 
the  s e a l  a t  loca t ion  P6. 
The reduced pressures  i n  the cove gap of t h e  end gap model would 
be expected t o  cont r ibu te  t o  later heat ing r a t e s  i n  this region. 
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This pressure reduction, hovever, is apparently o f f s e t  by the  
higher flow ve loc i t i e s  that occur i n  t he  gap a s  a r e s u l t  of in- 
creased l a t e r a l  flow. 
Effect of Leakage 
The e f f e c t  of s e a l  leakage on the  cove enviroment  within tl-a cove 
gap and the  cavi ty forward of t h e  s e a l  w a s  determined by removing 
the cu r t a in  seal and using different-s ized o r i f i c e s  t o  cont ro l  t he  
flow through the model. These ranged i n  s i z e  from a 7 -5-in. 
o r i f i ce ,  which allowed unres t r ic ted  flow through a 0.75-in. cove 
gap, t o  a 0.2-in. o r i f i c e ,  which severely r e s t r i c t e d  the  flow 
through a 0.5-in. cove gap. The amount of flow (leakage) observed 
through the  gap was referenced t o  the  maximum that cculd be 
achieved. For example, 50% leakage is defined as a leakage r a t e  
equal t o  one-half the  maximum amount of f l o v  that ca.1 be passed 
through the  gap. 
The s e n s i t i v i t y  of the  cove gap heating l e v e l s  and pressure l e v e l s  
t o  d i f f e r en t  leakage rates is shovn i n  Figures 31 and 32, respec- 
t ively.  The zero leakage curves show t he  r e s u l t s  obtained wit11 
the cur te in  seal i n  place. The da t a  shovn were measured with a 
0.5-i*. cove gap and the  cont ro l  surface deflected 10. downward. 
The r e s u l t s  of t h i s  test show that leakage has a s i g n i f i c a n t  e f f e c t  
on both the  pressure and heat  t r ans fe r  d i s t r i b u t i o n s  within the  
gap. However, small  amounts of leakage (on the  order of 1 t o  2%) 
may be tolerable .  
Additional heating de t a  f o r  t h e  0.25-in. and 0.75-in gaps are 
shown i n  Figure 33. Ooly two leakage conditions--0% (a sealed 
gap' and 100% (an unsealed gap with no flow restr ic t ions)--  
w e r e  measured f o r  these  models. Data f o r  t he  0.5-in. gap are in- 
cluded f o r  comparison. In a l l  cases, a sealed gap reduced the  
heating by a fac tor  ranging from 3 t o  6. The pressure d i s t r i b u t i o n s  
corresponding t o  these heating d i s t r i b u t i o n s  are given i n  Figure 34. 
CURTAIN SEAL XATERWa TDPEBATURE SENSITIVITY STUDIES 
Sens i t iv i ty  tests were a l s o  conducted t o  determine the  e f f e c t  of 
tay-era ture  on c a d i d a t e  mterials f o r  t he  f l e x i b l e  cur tq in  seal. 
Temperatures i n  t h e  inner area of t he  wing-elwon cove, where t h e  
cur ta in  seal would be in s t a l l ed ,  are expected t o  range from -200°F 
(during o r b i t a l  cold soak) t o  350°F, and l o c a l  temperature excus- 
s ions could increase the  parlmum temperature beyond 350°F. 
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The development of a s u i t a b l e  cu r t a in  mater ia l  was based on the  
use of an elastomer capable of operat ing within the  Space Shu t t l e  
temperature range, re inforced with a f a b r i c  f o r  s t rength .  Methyl- 
phenyl s i l i c o n e  rubber compounds can withstand the  temperature 
extremes fo r  t k r  inner wing-elevon core a r ea  (-200°F t o  over 
350QF), and two such compounds, RTV 560 and RTV 511, were used t o  
f a b r i c a t e  t he  curt . i in.  Both mater ia l s  have a quoted, low-tem- 
perature  " b r i t t l e  point" of below -150°F, whereas the  maximum 
continuous operat ing temperature is 400°F fo r  RTV 511 and 500°F 
f o r  RTV 560. 
Glass c lo th  was se lec ted  a s  t he  re inforc ing  f ab r i c .  Type 181 
c lo th  was used f o r  the  f i r s t  impregnation with RTV 560, and 
C1554-28 r e f r a s i l  c l o t h  was impregnated with RTV 560 f o r  compari- 
son. (These two specimens were labeled # 2  and #1, respec t ive ly . )  
The f i r s t  impregnation was made by priming the  181 g l a s s  c lo th  
and C1554-28 r e f r a s i l  c l o t h  with DC-1200. Mixed RTV was then 
poured on the  cen t e r  of t he  c l o t h  and r o l l e d  t o  t h e  edges. The 
RTV was worked between polyf i lm shee t s  and r o l l e d  t o  approximately 
the  thickness  of t he  c lo th .  The overnight cure  ind ica ted  t h a t  
there  was a need f o r  constant pressure during the  cure. The sec- 
ond impregnation was made i n  t h e  same way, except t ha t  a f t e r  t h e  
sample was i n i t i a l l y  r o l l e d ,  i t  was vacuum-bagged and t h e  f i n a l  
r o l l i n g  w a s  made under vacuum pump pressure (approximately 12 p s i ) .  
The sample exhibi ted good, uniform impregnation with a few small 
voids. 
During t h e  material search, w e  found a r o l l  of Teflon tape  c a l l e d  
F luro l ine  Tape, made by J o c l i n  Mfg. Co., Wallingform, Conn. This 
tape i s ' a  Teflon-impregnated 116 g l a s s  c lo th .  We s t r ipped  of f  
t he  adhesive backing and iden t i f i ed  t h i s  specimen a s  #5. 
The RTV 5601181 g l a s s  and RTV 560lC1554-28 r e f r a s i l  specimens 
were thought t o  be s l i g h t l y  s t i f f  due t o  t h e  composite thickness ,  
so two more samples were fabr ica ted .  Type 116 g l a s s  was preferred 
f o r  impregnation because of its t i g h t  weave and s t rength ,  but w e  
used 108 c l o t h  ins tead  due t o  its a v a i l a b i l i t y .  Curtain samples 
were constructed of RTV 5601108 g l a s s  and RTV 5111108 g lass .  The 
RTV 511 has a hardness of 45, compared t o  60 f o r  RTV 560. 
Information about t h e  composite c u r t a i n  specimens is l i s t e d  below. 
The s e a l  mater ia l  t e s t  program was conducted i n  two phases. Phase 
I was conducted t o  determine the  usefu l  lower and upper tempera- 
t u r e  l i m i t s  of t h e  c u r t a i n  mater ia l s .  Low-temperature tests were 
run a t  -90°F, -150°F, -175OF, -18S°F, -200°F, -225"F, and -250°F. 
Specimens 1-in.-wide were flexed a t  each temperature l e v e l  by a 
t ens i l e -  G c h i n e  mounted within the  environment chamber (see ~ i g ,  
35). In addi t ion,  a 41-hr cold soak test ( a t  -200°F) was a l s o  run 
on the cur ta in  specimens t o  determine the e f f e c t  of a prolonged 









Upper temperature t e s t s  began a t  350°F and went up i n  50°F incre- 
lrents t o  600°F ( the  maximum capab i l i t y  of chamber). 
The Phase I tests indicated t h a t  s i l i c o n e  rubber e las tomeric  mate- 
r i a l s  (reinforced with g l a s s  c lo th )  and Teflon (reinforced with 
g l a s s  c lo th)  w i l l  successful ly  operate  within t he  temperature 
extremes of -250°P t o  600°F f o r  sho r t  times. The 41-hr cold soak 
a t  -200°F had no e f f e c t  on s t i f f e n i n g  t h e  cur ta ins .  Figure 36 





Teflon/ l l6  Glass 
RTV560/108 Glass 
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In t he  Phase I1 t e s t s  we exposed the  c u r t a i n  specimens (# l ,  3, 4, 
and 5) t o  20 simulated orbi t -entry temperature cycles u i t h  a t o t a l  
cold soak time of 91 hr  a t  -200°F. A l l  specimens apparently 
withstood t h e  20 temperature cycles  combined with a t o t a l  of 480 
f l e x  cycles  (Fig. 37), and no flex cracking o r  other  mater ia l  
de t e r io ra t i on  was detected during pos t t e s t  examination. Figure 38 
shows four of t he  c u r t b i t  seal &la t e r i a l s  i n  t h e  -200°F cold soak 
chamber. Further d e t a i l s  of these  tests can be found i n  t he  
separa te ly  submitted test report .  
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TASK I V  - EVALUATION AND PHASE I1 RECOMMENDATIONS 
-----------..---------------------------------------------------- 
The purpose of t h i s  t a s k  was t o  eva lua te  a l l  pro:ress made dur ing 
t h e  f i r s t  t h r e e  t a s k s  and t h e  ?hase I t e s t  p o r t l o n  of Task VL, t o  
recommend s e a l  concepts f o r  f u r t h e r  t e s t i n g ,  and t o  develop a 
comprehensive t e s t  approach t o  eva lua te  t h e s e  des igns  dur ing t h e  
Phase I1 t e s t i n g  p o r t i o n  of Task V I .  These eva lua t ions  and re- 
commendations were presented t o  NASA a t  t h e  c o n t r a c t  midterm 
review. 
The o b j e c t i v e s  of t h e  Phase I1 t e s t  program were t o  expose 
candidate  dynamic seals t o  a simulated Space S h u t t l e  e n t r y  environ- 
ment, measure t h e  temperature response of t h e  s e a l s  and surround- 
ing s t r u c t u r e ,  r e a f f i r m  t h e  environmental l e v e l s  measured i n  t h e  
Phase I t e s t s  and determine t h e  r a d i a t i o n  c o n t r i b u t i o n  t o  t h e  
c a v i t y  a r e a  forward of h inge l i n e  s e a l  and j u s t  inboard of t h e  co,e  
gap 
Three s e a l  des ign concepts were considered f o r  t h e  Phase I1 t e s t s .  
Figure  39 d e p i c t s  a s e c t i o n  of t h e  elevon-to-wing cove gap wi th  
t h e  c u r t a i n  s e a l  f n s t a l l e d  st t h e  hinge l i n e .  This  c u r t a i n  s e a l  
spanned t h e  complete width of t h e  model. This concept enabled u s  
t o  test a por t ion  of t h e  cove gap s t r u c t u r e  without including end 
gap e f f e c t s .  The second t e s t  model, shown i n  F igure  40, i s  t h e  
same as t h e  f i r s t  model except t h a t  he re  t h e  c u r t a i n  s e a l  i s  
replaced wi th  a spring-loaded g lass /pheno l ic  rubbing block.  The 
t h i r d  t e s t  model (Fig. 41) shows o p l a n  view of t h e  spanwise 
elevon cove gap i n t e r s e c t i n g  wi th  t h e  chordwise elevon end gap. 
This concept shows a high-temper-ture a l l o y  l a b y r i n t h  s e a l  i n s t a l l e d  
wi th  one ha l f  mounted t o  t h e  f u s e l a g e  s i d e  of t h e  end gap and t h e  
o t h e r  s i d e  mounted t o  t h e  end of t h e  elevon. The l a b y r i n t h  s e a l  
has  a concen t r i c  shape and is i n s t a l l e d  on t h e  c e n t e r l i n e  of t h e  
elevon hinge. The c o n c e n t r i c i t y  f e a t u r e  a l lows t h e  zlevon t o  
r o t a t e  through t h e  requ i red  d e f l e c t i o n  ang les ,  and t h e  concen t r i c  
r i n g s  on each ha l f  of t h e  l a b y r i n t h  i n t e r l a p  t o  c r e a t e  a long 
t o r t u r o u s  pa th  f o r  high-temperature f low t o  reach  t h e  open a r e a  
above t h e  elevon hinge l i n e .  Figure  42 is an  a r t i s t ' s  concept 
showing t h e  l a b y r i n t h  s e a l  and t h e  c u r t a i n  s e a l  i n s t a l l e d  on a 
t y p i c a l  Space S h u t t l e  s t r u c t u r e  and showing how each concept i s  
conceived t o  funct ion.  
After  a considerable  amount of d i scuss ion ,  i t  was mutually agreed 
a t  t h e  midterm review t h a t  t h e r e  was a g r e a t  d e a l  t o  be gained by 
t e s t i n g  an  elevon end gap model wi th  no s e a l  t o  d e t e r a i n e  t h e  
Fig. 40 Elevon Cove Gap 
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e f f e c t i v e n e s s  of t h e  l a b y r i n t h  s e a l  concept and t h e  f e a s i b i l i t y  
of en t ry  without a n  end gap s e a l .  To minimize t h e  impact OF 
program c o s t  and schedule,  we proposed t o  e l imina te  t h e  rubbing 
s e a l  concept and test .  only t h e e  types  of models: 
1)  A f u l l - s c a l e  s e c t i o n  of t h e  elevon-to-wing cove gap wi th  a 
c u r t a i n  s e a l  i n s t a l l e d ;  
2) A f u l l - s c a l e  s e c t i o n  of t h e  e l e ~ o n  end gap sea led  wi th  a 
l a b y r i n t h  s e a l ;  
3) A f u l l - s c a l z  s e c t i o n  of . h e  elevon end g-? wt th  no s e a l .  
Xe a l s o  recornended Lhat  t h e  c u r t a i n  s e a l  be a 0.17-in t h i c k  
compqsite of meihyl-phenyl s i l i ? o n e . r h b b e r  and 181 g l a s s  c l o t h ,  
t h a t  t h e  gap widths be 0.50-in. f o r  both t h e  cove and end gap, 
and t h a t  the  t e s t s  be conducted wi th  elevon 10' down. 
A l l  models were t o  be instrumented t o  record complete responses  
t o  t h e  plasma-arc-imposed environment (see  Fig .  4 3 ) ,  using thermc- 
couples,  p ressure  trar.sducz3:s, and ca lo r imete r s  a s  r equ i red .  I n  
edd i t ion ,  r a d i a t i o n  w i t h i n  t h e  cove gap c a v i t y  was t o  be  d e t e r -  
mined t o  eva luc te  t h e  i n d i v i d u a l  c o n t r i b u t i o n s  of c a d i a t i o n  and 
convection t o  t h e  o v e r a l l  hea t ing  environment. 
Base+ on t h e  above eva lua t ions ,  r ecomenda t  ions ,  and midterm 
review d i scuss ions ,  w e  began t o  work on t h e  Phase I1 test p l a n  
and t o  des ign t h e  t h r e e  test-models i n  p repara t ion  f o r  che t e s t  
readiness  review held p r i o r  t o  beginning t h e  Phase I1 t e s t  program. 

PRECEDING PACE B W K  X(YP 
TASK V - DESIGN AND FABRICATION 
The plasma a r c  models used f o r  both  t h e  Phase I and Phase I1 t e s t s  
were f u l l - s c a l e  r epresen ta t ions  of t h e  Space S h u t t l e  wing-elevon 
cove a rea .  These models were l i m i t e d  i n  depth and width by t h e  
geometry of the  plasma a r c  t e s t  envelope and were approximately 
8 by 1 5  by 20 i n .  The elevon cove r a d i u s  was chosen a s  6.0 i n . ,  
and t h e  models were designed f o r  maximum elevon d e f l e c t i o n s  of ' 
+20° (down) and -5G0 (up). 
DESIGN & FABRICATION OF THE PHASE I ENVIRONMENTAL MODEL 
The design requirements f o r  t h e  environmental t e s t  model were ac- 
commodated by providing: 
1)  A water-cooled s t r u c t u r e  f o r  r e u s a b i l i t y ;  
2) A s h o r t  (approximately 1-minute) exposure t o  t h e  plasma a r c ;  
3) Var iable  gap widths of 0.250, 0.500, and 0.750 i n . ,  r e s p e c t i v e l y ;  
4 )  Variable  elevon d e f l e c t i o n  angles  of +lo0 and 0'; 
5) The c a p a b i l i t y  t o  change test conf igura t ions  i n  1 h r ;  
6 )  Thi r t een  ca lo r imete r s  and 6 p ressure  t r ansducers  f o r  monitor- 
i n g  hea t ing  r a t e s  and p ressures .  
The model shown i n  Figure  44 was designed as a water-cooled alumi- 
num s t r u c t u r e .  The areas t h a t  r equ i red  wa te r  cool ing were t h e  
l ead ing  edge, t h e  bottom s u r f a c e s ,  and t h e  i n t e r i o r  of t h e  cove. 
Three-eighths-inch OD aluminum tubing was welded t o  t h e  i n s i d e  of 
t h e s e  s u r f a c e s  i n  t h r e e  p a r a l l e l  c i r c u i t s .  The c i r c u i t  t o  t h e  
elevon s i d e  had a f l e x i b l e  l i n e  connection f o r  varying t h e  de f l ec -  
t i o n  angle  and gap width.  
For s i m p l i c i t y ,  t h e  model was designed f o r  a %-in. cove gap w i t h  
an elevon rad ius  of 6.0 i n .  and concen t r i c  w i ~ g  cove rad ius  of  
6.25 i n .  The o t h e r  gap widths  were achieved by moving t h e  elevon 
hinge p o i n t  a f t  and measuring t h e  0.5 and 0.75 i n .  gap widths  a t  
the  gap ent rance .  As & r e s u l t ,  t h e  gap c o r r i d o r  was not  p e r f e c t l y  
concen t r i c  f o r  t h e  0.50- and 0.75-in. gaps. 

The two s i d e s  of t h e  model were c o n s t r u c t e d  of $-in. aluminum 
p l a t e  sp rayed  w i t h  MA-25s a b l a t o r .  The a b l a t o r  was sprayed on 
t h e  e x t e r n a l  s u r f a c e s  and on the  exposed lower s u r f a c e  of  t h e  
i n t e r i o r .  These abla tor -covered  p l a t e s  a r e  shown i n  F igu re  45.  
The f r o n t  p l a t e  was a  0.040-in. aluminum s h e e t  w i t b  2 bonded-on 
SLA-561 a b l a t o r  h e a t  s h i e l d .  A f t e r  t h e  p l a t e  was b o l t e d  t o  t h e  
model, p lugs  of SLA-561 were bonded i n  o v e r  t h e  b o l t s .  
The remaining s i d e s  o f  t h e  model were  c l o s e d  w i t h  &-in. aluminum 
p l a t e s .  The on ly  opening on t h e  back of  t h e  model was t h e  o r i f  i c e  
ho le  shown i n  F igu re  46. The model box was comple te ly  s e a l e d  w i t h  
RTV s o  t h a t  t h e  on ly  p o s s i b l e  l eakage  p a t h  was through t h e  cove 
gap and seal,  i n t o  t h e  i n t e r i o r  o f  t h e  box, and ou t  o f  t h e  o r i f i c e  
ho le .  
Conf igu ra t ion  changes were made by us ing  p r e d r i l l e d  l o c a t i n g  h o l e s  
t o  vary  t h e  gap w i d t h  and d e f l e c t i o n  ang le .  The r e a r  c l o s u r e  o f  
t h e  e levon had two d i f f e r e n t  aluminum p l a t e s  t o  accommodate t h e s e  
changes. 
The e levon s t r u c t u r e  was f a b r i c a t e d  w i t h  a  brin.-thick aluminum 
s i d e  p l a t e ,  a s  shown i n  F igu re  45. P r o v i s i o n s  were made t o  remove 
and r e p l a c e  it w i t h  a s t a i n l e s s  s t e e l  ang le  f o r  r e p r e s e n t i n g  t h e  
%in .  end gap c o n d i t i o n .  
The f i r s t  1 2  c a l o r i m e t e r s  were  screwed i n t o  t h e  $-in.- thick,  water- 
cooled  aluminum p l a t e  o f  t h e  wing and e l evon  p a r t s .  The 1 3 t h  
c a l o r i m e t e r  w a s  mounted on t h e  wing's  i n t e r n a l  s h e l f .  P r e s s u r e  
t r a n s d u c e r s  were a l l  shock-mounted on t h e  t o p  p l a t e  w i t h i n  t h e  
model. Tygon t u b i n g  was used b e t - ~ e e n  t h e  p r e s s u r e  p ickup and t h e  
p r e s s u r e  t r a n s d u c e r s .  
DESIGN 6 FABRICATION OF THE PHASE I1 EIGHTWEIGHT SEAL CONCEPT 
EVALUATION MODELS 
Design requi rements  f o r  t h e  Phase  I1 test model were  as fo l lows :  
1)  R e u s a b i l i t y  ---------- Capable of demonst ra t ing  3 s imula t ed  
e n t r y  c y c l e s  ; 
2 )  F u l l  e n t r y  h e a t i n g  environment -- Q = 10,335 ~ t u / f t ~ ;  
3)  Gap wid th  ----- 0.50 in .  ; 
4 )  Elevon d e f l e c t i o n  ang le  ----- 10' down; 
Fig. 45 EnviromentaZ Test Model af ter  Assembly 




Fig. 46 Top V i e v  of E n v i r m ~ ! n t a ~  Test f.,"odeZ 
5) RSI i n s u l a t i o n  ------- MAR-S I ; 
6) Simulated f l igh twe igh t  system; 
7)  Three model conf igura t ions ;  
- Full-width f l e x i b l e  cove gap c u r t a i n  s e a l ,  
- Combined l a b y r i n t h  end gap s e a l  and f l e x i b l e  cove gap cur- 
t 3 in  s e a l ,  
- Combined open end gap w i t h  f l e x i b l e  cove gap c u r t a i n  s e a l ,  
8) Cove gap c u r t a i n  s e a l  temperature range: -200" t o  500°F; 
9) End gap l a b y r i n t h  s e a l  temperature range: -250°F t o  2000°F. 
Cur ta in  Sea l  
The c u r t a i n  s e a l  w a s  a  s i n g l e - l a y e r  g l a s s  c l o t h  impregnated wi th  
methyl-phenpl s i l i c o n e  rubber.  The a c t u a l  m a t e r i a l s  s e l e c t e d  f o r  
t h e  t e s t  c u r t a i n s  were 181 g l a s s  c l o t h  and RTV 560 s i l i c o n e  rubber.  
The c u r t a i n s  were f a b r i c a t e d  a t  Martin M a r i e t t a  and used f o r  both 
t h e  Phase I and Phase I1 t e s t  models. 
The f a b r i c a t i o n  procedure f o r  t h e  composite m a t e r i a l  c u r t a i n  was 
a s  follows : 
1)  Both s i d e s  of t h e  1 8 1  g l a s s  c l o t h  were primed w i t h  DC-1200 
and allowed t o  cure  f o r  8 h r ;  
-- 
2)  Mixed-RTV 560 was t h e n  poured on t h e  c e n t e r  of  t h e  c l o t h  and 
r o l l e d  t o  t h e  edges.  The RK was worked between two s h e e t s  
of  polyethylene f i l m ;  
3) A f t e r  t h e  RTV 560 was worked w e l l  i n t o  t h e  c l o t h ,  t h e  s h e e t  
w a s  turned over  and more KCV was added t o  t h e  o t h e r  s i d e .  
This was worked as i n  s t e p  2 u n t i l  a l l  t h e  RT'f was uniformly 
impregnated t o  approximately t h e  d e s i r e d  t h i c k n e s s ;  
4 )  The c u r t a i n  was vacuum-cured overn igh t ;  
5 )  The polyethylene s h e e t s  were then s t r i p p e d  o f f  both s i d e s .  
Labyr in th  S e a l  
A pre l imina ry  h e a t i n g  a n a l y s i s  showed t h a t  t h e  l a b y r i n t h  could 
reach  tempera tures  a s  h igh  a s  2000°F d u r i n g  t h e  test .  ~ e n e '  41 
a l l o y  was used f o r  f a b r i c a t i n g  t h e  l a b y r i n t h  because  of  i t s  a v a i l -  
a b i l i t y .  One assembly of  t h e  l a b y r i n t h  is shown i n  F i g u r e  47.  
Note t h a t  che i h r e e  r i n g s  were a t t a c h e d  t o  t h e  round d i s k  by bent -  
over  t a b s  t h a t  f i t  i n t o  s l o t s  i n  t h e  d i s k .  T h i s  al lowed d i f f e r -  
e n t i a l  expansion of t h e  r i n g s  and d i s k  wi thou t  r e s t r a i n t  t h a t  
would r e s u l t  i n  wa,-?ing. 
The r i n g s  were c c n s t r u c t e d  w i t h  one c l o s i n g  b u t t  weld. The d i s k  
and r i n g s  were made from 0.037-in.- thick m a t e r i a l .  The concen t r - c  
r i n g s  were 0.82 i n .  a p a r t  on each  assembly and 0.94 i n .  h igh .  The 
assembled l a b y r i n t h  provided  0.25 i n .  of c l e a r a n c e  between r i n g s  
and d i s k  f o r  d e f l e c t i o n  and expans ion .  
Thermal P r o t e c t i o n  System 
The thermal  p r o t e c t i o n  sys tem f o r  t h e  Phase  I1 test n o d e l s  was 
f a b r i c a t e d  from s t a n d a r d  MAR-SI (15 l b / f t  3, thermal  i n s u l a t i o n  
a t  ou r  Denver ~ i v i s i o n ' s  ceramic  f a b r i c a t i o n  f a c i l i t y .  Tab le  4  
g i v e s  t h e  composit ion o f  MAR-SI, and F igu re  48 shows f a b r i c a t i o n  
sequence.  
Table 4 Composition of MAR-SI insulat ion 
A f t e r  t h e  b i l l e t s  o f  MAR-SI (4 by 16 by 1 6  i n . )  were removed from 
t h e  s i n t e r i n g  fu rnace ,  we e s t a b l i s h e d  which p a r t s  would b e  made 
from them and s e c t i o n e d  t h e  b i l l e t s  i n t o  p i e c e s  s l i g h t l y  l a r g e r  
t han  t h e  f i n a l  p a r t s .  To machine t h e  MAR-SI p i e c e s  i n  prepara-  
t i o n  f o r  c o a t i n g ,  we l a i d  o u t  a p a i r  o f  matching aluminum tem- 
p l a t e s  t o  t h e  f i n a l  d imensions ,  a l l owing  a small overage  f o r  
sh r inkage  a s  t h e  c o a t i n g  was f i r e d .  T h i s  overage  amounted t o  an 
a d d i t i o n a l  0.035 i n .  p a r a l l e l  t o  t h e  MAR-SI f i b e r s  and 0.090 i n .  
p e r p e n d i c u l a r  t o  t h e  f i b e r s .  The wid th  o f  t h e  f i n a l  p a r t  was 
then  c u t  t o  t h e  d e s i g n  dimension (a l lowing f o r  sh r inkage )  and t h e  
t empla t e s  were assembled t o  t h e  p a r a l l e l  s u r f  a c e s  us ing  b i l a t e r a l  
f i l m  adhes ive .  Next, t h e  MAR-SI was f i l e d  down t o  conform t o  t h e  
shape  of t h e  t empla t e s ,  t h e  t empla t e s  were removed, and t h e  re- 
s i d u a l  d u s t  was blown from t h e  p a r t .  
Oxide 
M 2 0 3  -SiO2 
M2O3 
S  i02 
2Ak20, 
0.3 S i 0 2  
S i0; 
* 
Fo r m  
2-micron-dia F i b e r  
C o l l o i d a l  P a r t i c l e s  
Microbal loons  
-325 Mesh Gra in  
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Fig. 48 Fabrication Sequence for MAR-SI Insulation 
A f t e r  being weighed and dimensionally checked, the  p a r t s  were coated 
us ing Martin Mar ie t t a ' s  70-1 coa t ing  s y s  tem. This  procedure con- 
s i s t e d  of a paint-sprayed s i n g l e  a p p l i c a t i o n  of coat  ing s l u r r y ,  
followed by a i r  d ry ing  a t  2 5 0 ' ~  and f i r i n g  a t  2500 '~ .  To ensure  
the  accura te  a p p l i c a t i o n  of t h e  coa t ing  f o r  achieving uniform 
th ickness ,  we determined t h e  s u r f a c e  a r e a  f o r  each contour of 
each p a r t  and c a l c u l a t e d  t h e  weight of coa t ing  required f o r  each 
contour.  Areas not  r ece iv ing  t h e  coa t ing  were ~ ~ s k n d  c f f  be fo re  
spraying the  s u r f a c e s .  A l l  coated p a r t s  were d r i ed  f o r  a minimum 
of 16 h r  a t  25C°F. 
The coated p a r t s  were supported on blocks of MAR-SI shaped t o  
match t h e  bottom of each i n d i v i d u a l  p a r t  and were f i r e d  i n  an 
e l e c t r i c  res is tance-heated furnace .  These shaped blocks were 
used t o  provide a uniform suppor t  and prevent  t h e  p a r t s  from 
warping o r  sagging.  The f i r i n g  schedule  used is  shown i n  Table 5. 
Table 5 F i r i n g  Schedule for  Thermal Contra1 Coatings 
A f t e r  t h e  p a r t s  had cooled t o  375OF they were removed from t h e  
furnace .  When they were completely cool ,  t h e i r  dimensions and 
weights were recorded and templates  were used t o  check t h e  curved 
s u r f a c e  f o r  warpage. I n  cases  where an allowance f o r  sh r ink ing  
had been made i n  t h e  he igh t  dimension, we removed t h e  excess  un- 
coated m a t e r i a l  on t h e  bottom of t h e  p a r t ,  b r ing ing  t h e  h e i g h t  
w i t h i n  t h e  dimensional to le rance .  Figure  49 shows some of t h e  
f i n i s h e d  p a r t s .  
- 
Temperature 
Ambient t o  2500°F 
2 5 0 0 ' ~  
2 5 0 0 ' ~  t o  375OF 
A t o t a l  of t h i r t e e n  16 by 16 by 4-in. b locks  of MAR-SIwere requ i red  
t o  f a b r i c a t e  the  t e s t  specimens. I n  a l l ,  w e  prepared 19 b i l l e t s ,  
inc lud ing  p a r t s  r e j e c t e d  because of c rack ing ,  warping, o r  not  
meeting dimensional to le rances .  
Elapsed Time 
0 t o  5 h r  
5 t o  6 h r  
6 t o  21 h r  
The MAR-SI p a r t s  were prepared f o r  bonding by priming t h e  uncoated 
lower s u r f a c e  wi th  Dow Corning 1200 s i l i c o n e  primer and a l lowing 
i t  t o  dry f o r  a minimum of 16 h r .  The i n s u l a t i o n  was then bonded 
t o  t h e  metal  s t r u c t u r e  of  t h e  model i n  t h r e e  s t a g e s :  f i r s t  the  
i n s u l a t i o n  was bonded t o  a 0.012-in.-thick s t r a i n  a r r e s t o r  p l a t e ;  
then the  a r r e s t o r  p l a t e  was bonded t o  t h e  s t r a i n  i s o l a t o r ;  and 
f i n a l l y ,  t h e  s t r a i n  i s o l a t o r  was bonded t o  t h e  metal  s t r u c t u r e .  
- - -  a - -. 
Fig. 49 Q p i c a l  Coated MAR-SI Reueable Surface IneuZation 
The s t r a i n  a r r e s t o r  p l a t e  was made by vacuum-bag c u r i n g  ( 2  h r  a t  
150°F,  fol lowed by 2 h r  a t  300°F) t h r e e  p l i e s  of  s t y l e  120  g l a s s  
c l o t h  u s i n g  5868R r e s i n .  The s t r a i n  i s o l a t o r  was a 0.12-in. p i e c e  
of  s i l i c o n e  sponge-type RL1973 (Raybesto Manhattan I n c . )  w i t h  a  
d e n s i t y  of approximately 22 ~ b / f t  General  E l e c t r i c  RTV 560 ad- 
h e s i v e  w i t h  a  Thermol i te  12 c a t a l y s t  was used  a9 t h e  bonding a g e n t .  
A bon ' l i n e  t h i c k n e s s  of 0.015 i n .  was used i n  each  bonding opera-  
t i o n .  A l l  bond l i n e s  were cured f o r  a  minimum of  24 h r  a t  room 
t empera tu re .  
3 e f o r e  bonding t h e  MAR-SI p a r t s  t o  t h e  model t h e  s u r f a c e s  were 
p repa red  as  f o l l o x s :  t h e  uncoated lower  s u r f a c e  of  t h e  i n s u l a t i o n  
was primed, bo th  s u r f a c e s  of  t h e  s t r a i n  a r r e s t o r  p l a t e  were pr imed,  
and t h e  s u r f a c e s  of t h e  me ta l  s t r u c t u r e  were  t hen  abraded  w i t h  
200 g r i t  sandpaper  and primed. 
A l l  p r iming  was dane w i t h  Dow Corninp 1200 p r imer  t h a t  was a l lowed 
t o  c u r e  f o r  a minimum of 16 h r  a t  room t empera tu re .  
The Phase 11 t e s t  models were  des igned  a s  r e a l i s t i c  f l i g h t w e i g h t  
c o n f i g u r a t i o n s  w i t h i n  t h e  test envelope  c o n s t r a i n t s  of  t h e  plasma 
a r c  f a c t l i t y .  A thermal  a n a l y s i s  of  t h e  model i n d i c a t e d  t h a t  
2 i n .  of MAR-SI would be r e q u i r e d  t o  p r o t e c t  t h e  aluminum s t r u c -  
t u r e  t o  a  maximum t empera tu re  of  3 5 0 ' ~ .  Fourteefi d i f f e r e n t  MAR-SI 
t i l e s  were r equ i r ed  f o r  t h e  t h r e e  t e s t  models.  
F a b r i c a t i o n  D e t a i l s  
FUZZ-Width Curtaiq Seal Model - The fu l l -w id th  c u r t a i n  s e a l  model 
is shown i n  F igu re  50 w i t h  one  s i d e  p l a t e  removed f o r  c l a r i t y .  
T h i s  shows t h e  main des ign  f e a t u r e s .  Note t h a t  t h e  l e a d i n g  edge ,  
which is c o n s t r u c t e d  o f  copper  b a r  w i t h  water -cool ing  pas sages  
machined i n ,  is assembled t o  t h e  f r o n t  frame member, which  has  
two wing-side MAR-SI t i l e s  bonded o n t o  i t .  The gaps between t h e  
t i l e s  (approximate ly  0.12 i n .  wide)  a r e  f i l l e d  w i t h  f o l d e d  I r i s h  
R e f r a s i l  c l o t h  bonded t o  t h e  s t r u c t u r e .  The f r o n t  frame is mechan- 
i c a l l y  a t t a c h e d  t o  t h e  upper  f rame,  which has  two h inge  l u g s .  
The aluminum s h e l f  a t t a c h e s  t o  t h e  twn wing l u g s  and ex t ends  a c r o s s  
t h e  f u l l  w id th  of t h e  model. 
The e l evon  s t r u c t u r e  i s  shown w i t h  two MAR-SI t i l e s  bonded t o  i t s  
o u t s i d e  s k i n .  One end of  t h e  c u r t a i n  s e a l  i s  f a s t e n e d  t o  t h e  e l e v o n  
and t h e  o t h e r  end i s  a t t a c h e d  t o  t h e  wing s h e l f .  A s imp le  l oop  
compensates f o r  e levon movement, The back p l a t e  of t h e  e l e v o n  
assembly f i t s  a g a i n s t  t h e  r e a r  bulkhead t o  seal t h e  box. T h i s  back 
p l a t e  i s  p r o t e c t e d  from leeward h e a t i n g  by a  b i n .  SLA 220 a b l a t o r  
s h e e t  w i t h  honeycomb re in fo rcemen t  and i s  bonded on w i t h  RTV 560. 
Water-Cooled 
Leading Edge 
sh Ref, . . s i l  
l e r  i n  f1AR-SI 
e J o i n t  
A1 urninum 
Wing Curtain Flightweight 
Shelf, /Seal Structure 
kkz 
MAR-SI 
T i l e s  
Water- I 
Cooled 






F i g .  50 Full-Width Cove Cap Model 
The elevon s k i n  and wing s h e l f  a r e  both made from 0:'ql - i n .  alumi- 
num a l l o y .  The s i d e  p l a t e s  and f r o n t  p l a t e  a r e  con. Ac ted  of 
0.060-in. copper s h e e t .  Copper tub ing  is brazed onto t h e  s i d e  
p l a t e s  and f r o n t  p l a t e  i n  o rde r  t o  wa te r  cool  t h e  s t r u c t u r e .  'lhe 
tubes  on t h e  two s i d e  p l a t e s  a r e  e x t e r n a l l y  brazed t o  t h e  model 
assembly. 
Labyrinth Seal Modal - The l a b y r i n t h  s e a l  ixodel shown i n  Figure  
51 uses t h e  same wing p a r t  a s  t h e  f u l l - w i d t h  c u r t a i n  s e a l  model. 
The only d i f f e r e n c e  is t h a t  t h e  s h e l f  width was changed t o  ac- 
commodate t h e  12-in.-diameter l a t y r i n t h .  The l a b y r i n t h ,  w i t h  the 
i n s u l a t i o n  and s t andof f  a t tachment ,  t akes  up about h a l f  of t h e  
width of t h e  model. 
F igure  52 shows t h e  model w i t h  1.5 i n .  of uncoated MAR-SI insu la -  
t i o n  and t h r e e  m u l l i t e  s t andof f  at tachments f o r  t h t  labyr inth- to-  
elevon c loseout  r i b  s t r u c t u r e .  One of t h e  s t andof f  f i t t i n g s  i 
reu~oved t o  show i ts d e t a i l ,  
The following arrangement was used t o  hold  t h e  l a b y r i n t h  scs; i n  
p lace .  Two 318-in. h o l e s  were d r i l l e d  i n  t h e  314411. O'J L-u13':e 
tube  and A-286 s t a i ~ i l e s s  s t e e l  b a r r e l  n u t s  were i n s e r t e d  and ts;i--d 
i n  p lace  wi th  RTV. One A-286 s t e e l  b o l t  holds t h e  l a  yr-int'n t o  
the  upper b a r r e l  nu t  and a s ~ c o n d  b o l t  holds t;.e e1ev.m r l b  t o  
t h e  lower b a r r e l  nut .  
The two thermal i s o l a t o r  washers shown i n  Figure  52 are machined 
from asbestos /phenol ic  s h e e t  s t o c k  and used t o  i s o l a t e  t h e  mull.ite 
tube  and t h e  b o l t  from t h e  aluminum r i b .  I n  a d d i t i o n ,  t h e  m u l l i t e  
s tandoff  assembly is s t u f f e d  w i t h  f i b e r f a x  t o  mfnimize r a d i a t i o n  
hea t ing  w i t h i n  t h e  tube. The l a b y r i n t h  is padded from t h e  W-SI 
using d i s k s  of I r i s h  R e f r a s i l  c l o t h ,  
The l a b y r i n t h  s e a l  was designed w i t h  a 0.25-in. c l ea rance  between 
t h e  r i n g s  of one assembly and t h e  disk. of t h e  o t h e r  assenbly.  A 
wiper seal--made o f  r e f r a s i l  c l o t h ,  looped and s t u f f e d  w i t h  h igh  
r e s i l i e n c y  fiberfax--was i n s t a l l e d  t o  c l o s e  o u t  t h e  upper end of 
t h e  assembly and seal t h e  cove gap a g a i n s t  t h e  l a b y r i n t h  and u9der- 
l y i n g  MAR-SI s u r f a c e  (Fig. 53). Another rubbing s e a l  of  r e f r a s i l  
c l o t h  runs along t h e  end o f  t h e  wing s h e l f  and wipes a g a i n s t  t h e  
i n s i d e  s u r f a c e  of  t h e  elevon c loseou t  r i b .  
The body s i d e  of t h e  l a b y r i n t h  s e a l  is mounted t o  t h e  water-cooled 
s i d e  p l a t e  and is i n s u l a t e d  w i t h  b i n .  microquartz b lanket .  The 
blanket  is pro tec ted  from t h e  d i r e c t  b l a a t  of t h e  plasma a r c  by 
a ~ e n e '  41 flanged-pan, a s  shown i n  Figure  51. The microquartz 
blanket is covered w i t h  a re f  rasil c l o t h  and r e t a i n e d  i n  positicrn 
by a pe r fo ra ted  s t a i n l e s s  steel sc reen .  

A-206 Stafn le  
Steel 3ar-1 
' i u tS  
''ull' t e  Standoff 
Labyrinth Seal Hfnge Yut 




Stee' acl t s  
F i g .  52 L d t p i n t h  r+?odci Shouing S'mdoff  Hamhare and Ir.suiation 
'frasil Seal 
rig. 53 Labp in th  Installation Shoving Refmsil Wiper Seal 
Figure  54 shows t h e  assembled labyr inth-sealed t e s t  model. The 
r e a r  c losure  has  been modified because of t h e  l a b y r i n t h .  A 
threaded-s tee l  rod i n s i d e  a m u l l i t e  tube holds the  s i d e  p l a t e s  
toge the r ,  and a  l o c a l  a sbes tos /pheno l i c  bulkhead c l o s e s  t h e  open- 
i n g  above t h e  tube. The backside of t h e  elevon is p r o t e c t e d  wi th  
SLA 220 a b l a t - r ,  j u s t  a s  i n  t h e  f i r s t  model. 
Unseated 6nd Cap Model - The unsealed end gap model is shown i n  
Figure  55. The MAR-SI bonded t o  t h e  elevon-end c l o s u r e  r i b  is 
made up of four  p ieces  2 i n .  t h i c k .  Note t h e  SLA 220 on the  back- 
s i d e  of  t h e  elevon and t h e  asbes tos /phenol ic  c l o s u r e  bulkhead. 
The round NAR-SI plug shown a t  t h e  c e n t e r l i n e  of t h e  h inge is f o r  
access  t o  t h e  hinge nut .  
The b i n .  MAR-SI d i s k ,  r ep resen t ing  t h e  body s i d e  of t h e  model, 
is bonded t o  an aluminum p l a t e  t h a t  was a t t ached  t o  t h e  water-  
cooled copper s i d e  p l a t e  by t h r e e  s t u d s  and nu t s .  The s t r a i n  
i s o l a t o r  f o r  t h e  If-in. MAR-SI d i s k  s t o p s  approximately 2 i n .  from 
t h e  edges,  and t h e  r e s u l t a n t  gap was f i l l e d  w i t h  I r i s h  Ref rasil 
c l o t h  and f i b e r f a x .  
Figure  56 shows t h e  conf igura t ion  of t h e  assembled model. The end 
gap is % i n .  wide. Note t h e  l a r g e  s l o t t e d  ho le  i n  t h e  zpper alu- 
minun frame t h a t  al lows u n r e s t r i c t e d  flow through t h e  gap. 
The t h r e e  models were instrumented w i t h  thermocouples, ca lo r imete r s ,  
and pressure  t ransducers .  The thermocouples i n  t h e  aluminum s t r u c -  
t u r e  were i n s t a l l e d  by peening; those  i n  the  ~ e n e '  41  were welded 
i n  place.  Probe-type thermocouples were i n s t a l l e d  i n  t h e  MAR-SI , 
with  t h e  probe extending t o  w i t h i n  1 / 8  i n .  of t h e  e x t e r n a l  s u r f a c e .  
Two ca lo r imete r s  were i n s t a l l e d  on t h e  wing s h e l f ,  d i r e c t l y  o p p o s i t e  




TASK V I  - TEST 
............................................................. 
PHASE I ,  "ENVIRONMENT DEFINITION" TEST (Ref 8) 
The object ive of the Phase I environmental test was t o  acquire  
aerodynamic heat ing da t a  f o r  a represen ta t ive  hinge l i n e  gap 
f o r  3 Space Shut t le  con t ro l  sur face ,  and s p e c i f i c a l l y ,  t o  de te r -  
mine the e f f e c t s  of width, leakage through the gap, cont ro l  sur-  
face def lec t ion ,  and end gap e f f e c t s  on t he  convective hea t ing  
environment. Test condi t ions were s e l ec t ed  t o  simulate port ions 
of the expected fu l l - s ca l e  Shut t le  environment. 
Test Description 
A l l  t e s t s  were conducted i n  C e l l  1 of Martin P a r i e t t a ' s  plasma 
a r c  f a c i l i t y .  A Model F-5000 Thermal Dynamics gas and magnet- 
i c a l l y  s t a b i l i z e d  dc arc generator  was used t o  provide the range 
of operating condftio 7s oho~ l .  i n  Figure 57. A l l  t e s t s  were run 
using a conical  10-in e :it diameter nozzle with a 50: l  a r ea  
r a t i o .  The t e s t  medium was a mixture of ni t rogen and oxygen, 
simulating a i r .  The a r c  w a s  exhausted i n t o  a t e s t  chamber 48 
in.  i n  diameter and 12 f t  long. A five-stage steam e j e c t o r  
system provided the necessary vacuum capab i l i t y  t o  operate  the 
nozzle a t  i ts i d e a l  expansion pressure.  
The Phase I test model was a fu l l - sca le  sec t ion  of  a t yp i ca l  
s t ruc ture /cont ro l  sur face  concept (see Fig. 58) . Tes ts  were 
conducted f o r  th ree  con t ro l  sur face  pos i t ions  <10° down, 0°,  and 
10' up), a s  wel l  a s  f o r  gap widths of 0.25, 0.5, and 0.75 i n .  
Figure 59 depic t s  a cross-section of the  t e s t  model and shows 
adjustment qo in t s  f o r  accommodating the various gap widths and 
elevon positions,. 
The Phase I model was posi t ioned i n  the plasma a r c  using a remote- 
control led mechanism t h a t  allowed the  model t o  be rap id ly  inser ted  
i n t o  or  re t r rcced  from the  stream. A support arm was mounted on 
the s ide  of th; model and connected with t he  f a c i l i t y ' s  remote- 
control led arm. A s i de  mounting was used t o  provide a v e r t i c a l  
t e s t  pos i t ion  and t o  allow the test sur face  and gap t o  be  viewed 
through a s ide  window of the  test chamber. 
Sixteen calorimeters,  6 pressure t ransducers ,  and 3 thermocouples 
Experillen t a  1 
Test Points:  
A - 6 i n .  Nozzle 
0 - 10 i n .  Nozzle 
Stagnation Heat Flux x 6, B t ~ / f t ~ / ~ - s e c  
F i g .  57 Thermal Preesure SimuZation Capability of Plasma-Arc F-5000 
Arc Generator w i th  6-?:n. and 10-ir.. Nozzles (Cell 1 J 
% . .  F i g .  58 Fhase I EnvironmentaZ Test flodei! 
k. 
F i g .  59 Cross-Section of Phase I EnvirownentaZ Test Model 
were used t o  determine the  e x t e r n a l  and i n t e r n a l  aerothermal en- 
vironment surrounding t h e  model (see  Fig.  60 and Table 6 ) .  Sup- 
plemental temperature measuremznts were made on t h e  aluminurr. s k i n  
of t h e  model t o  monitor t h e  p o t e n t i a l  of overhes t ing t h e  s t r u c t u r e .  
The hea t  f l u x  sensors  were Thennogage, I n c . ,  Gardon ca lo r imete r s  
mounted i n  in te rchangeab le ,  min ia tu re  threaded modules t h a t  were 
screwed i n t o  the  water-ccoled s h e l l  of t h e  model. Severa l  d i f -  
f e r e n t  ranges were used t o  maximize measurement accuracy; namely, 
0 t o  20, 5 ,  1, and 0 .1  ~ t u / f t ~ - s e c .  The h ighes t  range (0-20) 
was uced on the e x + ? r n a l  s u r f a c e ,  where undef lec ted c o n t r o l  su r -  
f ace  hea t ing  r a t e s  of 5 t o  10 i i tu / f t2-sec  were measured. The 
remaining ranges were used i n s i d e  the  gap and were s e l e c t e d  on 
the b a s i s  of the  expected environmental  s e v e r i t y .  
The ca lo r imete r s  had an accuracy of 22% of f u l l  s c a l e ,  and each 
sensor  was i n d i v i d u a l l y  c a l i b r a t e d  by t h e  manufacturer i n  a re-  
s is tance-heated black-bod- furnace.  C a l i b r a t i o n  d a t a  a r e  pro- 
vided f o r  each sensor  as a continuous curve (genera l ly  l i n e a r )  
c a ~ e r i n g  the  f u l l  sensor  range. 
S t a t i c  p ressure  measurements were made using abso lu te  p r e s s u r e  
t ransducers  manufactured by Set- Systems, Inc .  Ins t ruments  
wi th  a 0-to-0.5-psia range were used f o r  l o c a t i o n s  P1 and P2, 
whereas a 0-to-0.1-psia range was used a t  l o c a t i o n s  P3 t o  P6. 
Chromel-alumel wire was used f o r  a l l  thermocouples. Compensating 
thermocouple extension wi re  l e d  t o  a Research, Inc .  , constant -  
temperature-reference j u n c t i o n  compensator box t h a t  maintained 
the t h e r m o c o ~ ~ l e ' s  cold junc t ion  a t  150 + 0.5OF. 
Condit ions f o r  t h e  environment d e f i n i t i o n  t e s t  were s e l e c t e d  t o  
s imulate  t h e  aerothermal  environment expected over t h e  elevon 
hinge region during f l i g h t .  Representa t ive  t ime-h i s to r i e s  of 
s e v e r a l  of t h e s e  f l i g h t  environmental parameters a r e  shown i n  
Figure 61. The shea r  Reynolds number p l o t t e d  i n  t h i s  f i g u r e  was 
suggested by Donaldson (Ref 5) t o  be t h e  most s i g n i f i c a n t  para- 
meter d e f i n i n g  t h e  gap flow c h a r a c t e r i s t i c s ,  and i s  def ined a s  
where 
am- 
- -. -- . -. - -.- . n 
Ref S t a  I C1, C2, C3 / @ I / 
a Ca orimeters 
o Pressure Taps 
A Thermocouples IfSupport Strut End Gap/ 
t Filler  Plate 
/ I I / 







































































































































































































































































































































































































































































































































































































































































































































































































Re Shear Unit Reynolds Number, ft-I 
l7mt * 
Heating Rate, ~tu/ft~-sec 
N m 
T = Shear stress a t  the wal l ,  
Pw = A i r  densi ty  a t  the wa l l ,  
b = Gap width, 
pw = Dynamic v i s cos i t y  a t  t h e  wall .  
The va r i a t i on  of Re, &id q with the mass f lowrate  and s tagna t ion  
enthalpy of the p?asma a r c  i s  shown i n  Figure 62. Note t h a t  t h i s  
f i g u ~ e  was prepared using one-dimensional r e a l  gas nozzle flow 
r e l a t i ons  t o  determine the e x i t  conditions,  Local flow prnper- 
t i e s  on the sur face  of the model were determined by processing 
the flow through a normal shock and then expanding the  flow 
i ~ , e n t r o p i c a l l y  t o  the pressure on an equivalcnt  wedge. Fi i t i n g  
r a t e s  were determined from Eckert ' s  reference enthalpy r e l a t i o n ,  
and the l o c a l  ehear stress was ca lcu la ted  using Reyn~ lds '  anal- 
ogy * 
Comparing Figures 61 and 62, it is seen tha t  t he  plasma a r c  cr- .  
simulate both the shzar  Reynolds number and the  heating r a t e  
during the  f i r s t  l O O C  sec  of f l i g h t .  Therefore,  Test Condition 1 
was se lec ted  a s  a represen ta t ive  po in t  simulating t h i s  por t ion  of 
the t r a j ec to ry ,  Test Condition 2 was chosen to  simulate the pe,k 
heat ing r a t e  of 10 ~ t u / f t ~ - s e c  while maintaining the same un i t  
shear  3eynolds number of 4000lf t  used i n  Test Condition 1. These 
two t e s t  conditions a r e  sumar ized  below, 
These test condjtions r e s u l t  i n  the  following proper t ies  of the 
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The plasma a r c  f a c i l i t y  was ca l ibra ted  to determine the input  
power and gas f lovra te  needed t o  produce the two t e s t  condi t icns 
specif ied above. The t: -al enthalpy w a s  determined by the energy 
Salance method. where the measured pover input ,  system losses .  
and t o t a l  gas c s s  flow a r e  used to  solve the equation: 
Power i n  - b s s s .  
lit Gr&i Flot- 
Test conditions we12 ca l ibra ted  using an 8-in. by 12-in. wedge 
holder v i t h  an alrminum p l a t e  mounted at am angle of a t t ack  of 
30'. Side p l a t e s  were incorporated on the wedge so t h a t  i t  
durrlicated the  ex terna l  geometry of the gap mde l .  Three Gardm 
calorimeters were i n s t a l l e d  i n  a l a t e r a l  l i n e  at the loca t ion  of 
the control  surfzce g+ and the input  power w a s  then varied t o  
give the required he-.+: f luxes f o r  the two t e s t  conditions. The 
center  calorimeter .~sed  as the control  instrument f o r  t h i s  
procedure. 
Once the t*st points  were es t aL+shed .  sevtlrrl  ru~s were made t o  
e s t ab l i sh  the repea tab i l i ty  of the data.  Following t h i s  ca l i -  
brat ion procedure, the rhase I gap seal model w a s  i n s t a l l e d  in 
the ce l l .  Test runs were t h m  made f o r  each of the various 
.model configurations. Each test run l a s t ed  approximately 30 sec. 
Data vere  recorded on s t r i p  chart  recorders,  and da t a  reduction 
was acconqjlished using the  s t r i p  ' char t  millivol-2 values and the  
a p p r o p i a t e  cai ib ra t lon  constants. 
A t o t a l  of 24 runs were made during the Phase I test. A summary 
of the configuration variables  f o r  these runs is given i n  Table 
7. Note tha t  a cur ta in  seal w a s  i n s t a l l e d  in 17 of these runs, 
and tha t  three runs were made f o r  the model with a k i n .  end gap. 
Hort 02 the tests were run with a 1-ic. o r i f  ice on the leeward 
a ide  of the model. Only thosc models v i thout  the cur ta in  seal 
u t i l i zed  different-sized o r i f i c e  plates .  
The i n i t i a l  tests were conducted with the ends of the cur ta in  
sealed with an RTV compound t o  eL lmin~ te  all leakage paths  across  
tho- seal. The r e s u l t s  of these tests were then colgared v i t h  those 
of subscqwnt tests i n  which t1.e ends of the cu r t a in  simply but ted 
against  the s ide  p l a t e s  of the  model. The differences noted were 
ju* :d C,O Se within the da t a  s c a t t e r  at' the t e s t  s o  all  of the 
remaining t e s t s  were performed without the curt,& ends sealed,  
s ince t h i s  allowed much eas i e r  and faa t - r  modal c!~anges. 
Table 7 Run Sumnary for Phase I Envircmental Tests 
Faci 1 i ty  Gap 
Run b. Width. 






























































































































A s imi l a r  assessment was made t o  determine the e f f e c t  of the t e s t  
condition on the t e s t  r e su l t s .  Based on t h i s  ana lys is ,  Test 
Condition 1 w a s  se lec ted  f o r  the majority of the tes t ing .  
Test Fksul ts  
Table 8 sumnar4 - =d the  pressw.-9 recorded during the Phase I t e s t .  
Note tha t  the values shown a r e  the  absolute l e v e l s  rzcorded a t  
each gage. 
As can be seen i n  the t ab l e ,  t he  nominal c e l l  pressure during the 
t e s t  w a s  0.011 psia .  One of the  t rends noted i n  the da t a  was t h a t  
the pressare at P2 w a s  cons is ten t ly  h isher  than the value recorded 
at P1, even f o r  a cont ro l  surface de f l ec t ion  angle of 0'. This 
w a s  unexpected f o r  t he  n u l l  2os i t i on  and w d s  i n i t i a l l y  thought t o  
be an erroneous reading. Purther evaluat ion,  however, has l e d  us  
t o  ccaclude t h a t  the r Z  reading is co r rec t  and w a s  apparently 
caused by a shock r e f l ec t ion  f r o a  within the  jet impinging on the 
dot mtream edge of the model. 
All  es calorimeter readings within thz cont ro l  s u ~ f a c e  gap have 
been normalized with respect  t o  t h e  ex terna l  heating l e v e l  re- 
corded at loca t ion  C2. Table 9 presents  gap co lo r f r s t e r  da t a  
normalizec? i n  t h i s  manner f o r  measuremtnts C5, aild C7 t o  C13. 
Calorimeter C6 w a s  damaged during l n s t ~ l l a t i o n  and had t o  be re- 
placed with a high-range instrument t h a t  was not  ~ e n s i t i v e  enough 
t o  record the low heating l e v e l s  i n  the gap. A s  a r e s u l t ,  the  
heating da t a  f o r  C6 have been deleted from t h i s  tab le .  
Table 8 Pressure Data for Phase I EnvironmentaZ Tssts 
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0.129 1 0.265 
PHASE 11, "SEAL CONCEPTS EVALUATION" TESTS (Ref 8) 
The Phase I1 t e s t s  had two primary objectives. The f i r s t  objec- 
t ive  w a s  t o  expose candidate s e a l  concepts and flightweight 
s t ruc tures  t o  a s b u l a t e d  Space Shutt le  entry environment and 
monitor the temperature response during the t e s t  pulse i n  order 
to demonstrate the a b i l i t y  of the s e a l s  t o  l imi t  the in ternal  
cavity temperatures to  t h e i r  design values. Several anci l la ry  
environmental measurements were a lso  included i n  the t e s t  to 
reaffirm the  re su l t s  from the Phase I t e s t s  and t o  determine the 
radiat ion contribution of the hot gap surfaces t o  the overa l l  
heating environment within the  cavity. The s t ruc ture  and insula- 
t ion  were sized to withstand the  thermal environment established 
during the Phase I t e s t s ,  end thermocouples were ins ta l l ed  on 
the s e a l  and surrounding structure.  
The second objective of the Phase I1 test w a s  t o  evaluate the 
e f f e c t  of at end gap i n  raising the temperature of the curtain 
s e a l  and surrounding structure.  This was acccmplished by t e s t -  
ing three a i f f  erent  models. The f i r s t  model represented a f u l l -  
sca le  sect ion of the wing/elevon cove gap wit11 a curtain sea l ,  
and w a s  used t o  obtain basel ine data. The second model depicted 
a portion of a winpi, .levon cove gap with a curtain seal ins ta l l ed ,  
m d  a lso  had an open, k i n .  end gap. The th i rd  model w a s  iden- 
t i c a l  t o  the  second model except tha t  a labyrinth s e a l  was in- 
s t a l l ed  i n  the  end gap t o  reduce the  flow in to  the  area on the  
backside of the  s e a l  a d  t o  the  unprotected in ternal  s tructure.  
Test Description 
The Phase 11 tests were a l so  conducted i n  C e l l  1 of Martin 
Marietta's plasma arc f a c i l i t y .  The torch, nozzls, test medim, 
and steam ejec tor  system were iden t i ca l  t o  those used f o r  the 
Phase I tests. 
TL~? test wdr ;a were ful l -sca le  oections of typical  s t ruc tu re  
control surface con~epta .  The basic model was 8 by 15 by 20 
in. and was designed t o  house a d i f ferent  k i t  f o r  each design 
concept . 
This model w a s  the same sire as the model used i n  the Phase I 
t e s t  f ix ture .  The eider ,  r'ront, and l rading "dge of the model 
were made of copper and had copper tubes f o r  water-cooling the  
structure. The configuration k i t e  f o r  the simulated elevon ana 
end gap s t ruc ture  were constructed of flightweight (0.08 gage1 
aluminm~ that  wan thermally protected by a Martin-developed 
KRSI material  referred t o  a s  MAR-SI. 
A l l  models were tes ted  with the control surface i n  the 10" down 
position and wich a 0.50-in? cove gap. The end gap model, both 
with and without the labyrihth sea l ,  provided a 0. SO-in. end 
gap* 
A f lexib le  curtain seal was  i n s t a l l ed  i n  the cove gap f o r  a l l  
tes ts .  The curtain s e a l  w a s  a coaposite of g las s  cloth-rein- 
forced, methyl-phenyl s i l i cone  rubber fabr ic ,  and the  "labyrinth 
seal" was constructed from Rend 41. Photog: - -  ' 7 . r f  each of the  
three models a r e  shown i n  Figures 63 to 65, s.8 qdditional d e t a i l s  
a re  shown i n  Figure 66. 
A support arm was mounted on the s ide  of the bas ic  Phase I1 t e s t  
model t o  connect i t  with the f a c i l i t y ' s  remote-controlled arm. 
As i n  the Phase I tests, the  s ide  mounting provided a v e r t i c a l  
t e s t  position and allawed the t e s t  surface and gap t o  be viewed 
through the s ide  window of the t e s t  &amber. 
Figure 67 shorn the  unsealed end gap model ins t a l l ed  i n  the t e s t  
f ac i l i ty .  This photograph w a s  taken a f t e r  the  t e s t ,  and the 
model shows some of the  e f f e c t s  of the test exposure; namely, 
small c r a b  in the XAR-SI coating and a s l i g h t  displacement of 
the g lass  c lo th  f i l l e r  tha t  was placed i n  the MAR-SI t i le  gaps. 
The following figure. and tables  define the  types of ins -  ttumen- 
tat ion and the locat ions ueed f o r  each of the Phase I1 test models: 
Wing/Elevon Gap Model - Table 10 and Figure 68 ; 
Unsealed Elevon End Gap Model - Table 11 and Figure 69; 
Sealed Elevon End Cap Model - Table 12 and Figure 70. 
Eleven thermocouples (chrod-alltmel devices with type "K" wire) , 
two s t a t i c  pressure tronoducers (Setra Systems, Inc. , absolute 
pressure trcm~ducers) , and two heat f l u x  sensors (Themgage, Inc., 
Gardon ca lo rbe to r s )  were used on the wing/elevon gap model. On 
both end gap modela, addit ional  instrumentation was ueed t o  deter- 
mine temperaturem in  m d  around the end gap: besides having two 
pressure transducers m d  No heat f lux  sensors on each model, 
there were 18 thermocouples on the sealed end gap model and 16 
thermocouples on the unsealed end gap model. Table 13 provides 
a crosa reference showing the  thermocouple locat ions tha t  were 






T&le 10 Instrwnent:tion Locations .for the Phase 11 Wing/Elevon 
Gap Mode2 Shown i n  Figure 68 
P i g ,  68 Inatrunentation Locations for the Phase I1 W.t"ng/EZemn 
Cove Gap Mode2 
Meas l~nn rn t  
Gap Cavitw on Wing S t ruc tu re  














P I  
PZ 
Desc r i p t i on  
I ns l de  Grp C ~ v t t y  on Ying St ructure  
I t ~ s i d e  Gap Cav i ty  on Ying S t ruc tu re  
I ns i de  Gap Cavtty on E'evon S t ruc tu re  
I nsu la ted  Elevon S t ruc tu re  ( i n  gap a r c  J 
Near Surface of I n s u l a t i o n  on Elevon ( i n  gap area) 
I nsu la ted  Elevon S t ruc td re  (winduard ares) 
A f t  Surface of Cur ta in  kr l  
Near Surface o f  I n s u l a t i o n  on Elevon (wfndward area) 
Near Surface o i  I ~ s u l a t i o n  on Wing Side of Cove Gap 
Near Surface o f  I nsu la t f on  on Wing Stdt  of Cove Gap 
I ns i de  Gap Cav i ty  on Ying S t ruc tu re  
I n r f d e  Flodel behind Cu r ta i n  Seal 
Gap Cavf ty  on Y!ng S t ruc tu re  
Type 
- 
T~enmcoup le  
Thermocouple 
Themcoup ie  
Themcouple  
Themcoup le  
Themcoup le  
Themcoup le  
Thetmcouple 
Themcoup le  
T,tem:couple 
Pressure Por t  
Pressure Po r t  
Inboard Locat ion 
f r o m  Near-Side Edge 
of  kbdel ,  i n .  
1.4 
5.0 









Table 11 Imtrwnentation Locatiom for the P h a ~ e  11 Unsealed EZevon End C a p  
Model Shotln i n  Figure 69 
I I n b a r d  l.ocat ion fmm N< r Side Edge of rnd.1, ~n 
~ i g .  6fi Inat.mmentatior. ; o o a t i m  for the P h s e  :I 
W e a l s d  EZevm GnJ Gczp Mode2 
T l l  
726 
721 

















* I n t t m n t r t l o n  locattons r n  s M m  r p p m r t m t r l y  fo Scr l r  k l w .  
T h r m c w p l r  
T lwmcouplc 
l : w m c o $ ~ p l r  
T ~ m c o u p l r  
Thcmcoupl t  
TMmocouple 
T h m c o u p l r  
T h r m c o ~ p l r  
T h m c o u p l e  
7 k m c o u p l @  
--- 
~- 
Insfdc ld Crvl ty  o f  Ulnp Structure 
Af t  Surfrcr o f  Curt r tn 911 
Ins ldr  Q p  C1rl;l o f  f levon Stru t u n  
Insu l r t rd  f l r w n  Structure ( I n  arp r n r )  
Near Surf rcr  of I n r u l r t l o n  oc t l r w n  ($17 qrp rnrl  
Insulated Clrvon Structure ( r t n b r r d  1 ~ 1 )  
Near Surfrcr o f  l n r u l r t l o n  on E l r n n  (wlnhl r rd area) 
b a r  Surfrcr o f  I nsu l r t l on  I n  En0 SIP 
Brckfrcr  Surfrc* o f  Insul r ted E lwon  Clorrout Rib 
Brckfrcr  Surfrce o f  l n r u l t t r d  Elavon Closeout Rlb 
.-... - - -  
1.4 
1.4 
I 4  
1 4  
1.4 
1.4 












1 8  
Thrmcouple h c k f r c r  Surfrcr o f  I n ru l r ' I 4  E l t n n  Closeout R(b 
7hrmcouple I Near Surfrcr of I n r u l r t l o n  I n  Eqd Glp 
Thrmcouple 
fhrmcoupl. 
T k m c o u p l r  
T lwmcovplr  
Pressure Port 
Pressun Port  
C l l o r i m t r r  
C r lo r lm te r  
Nrrr  Surfrcr of l ssu l r t i on  l n  End U p  
h c k f r c r  Surf tcr  o f  f n r u l r t r d  l l r w n  Closeout Rlb 
NIIT SIIITC o f  I nsu l r t l on  on Y I q  St& of Cove tr: 
L r r r  S u r f m  of I nsu l r t l on  on Ylnp S ld I  of Cc,. t r p  
I ns lW MdRl Btbtnd Cur t r l n  Sa.1 
I n k ~ b  t r p  Cavity Of YInp Structum 
I n r l *  t r p  Crv l ty  of Ytnp Structure 
















































































































































































































































































































































































































































































































































































































































































































































































































































































(a) Basic Model Instrumentation Lacations 
(b) Labyrinth Seal Themcoupl e Locations 
F i g .  70 Inatmmntatior,  Locations for the F'hase I I  
Sealed EZewn End Cap bfodei! 
Thermocouples That Are 
Comnonly Located on 
A l l  Test Models 
1s t  Test Series, 
IdingIElevon Gap 
Mode 1 









Thermocouples That Are I Commonly Located on the Sealed and 
Unsealed End Gap 
Mode 1 s 
Thermocouples on the 
Labyrinth Seal Struc- 
ture Only 
Themcouples on the 
Surface o f  the MAR-SI 
i n  the Unsealed End 
Gap 
2nd Test Series, 
Sealed Elevon End 
Gap Modei 


























3rd Test Series, 
U,lsealed Eievon 











The rad ia t ion  environment within the  gap cav i ty  was measured 
using two Themgage  Model 2000 a s p  to  t i c  calorimeters.  These 
sensors were mounted side-by-side a d  were posi t ioned s o  t ha t  
they viewed the gap entrance t o  the cav i ty ,  c?s w e l l  as the  cav- 
i t y  i n  which the cur ta in  seal was i n s ~ a l l ~ d .  One sensor %?as 
coated with black pa in t  tha t  provided a surf  ace emissivi  ty of 
0.95; the o ther  was given a r b  aluminized coating tha t  had a 
measured emissivi ty  of 0.12. The ref l e c t i v i t p  curve f o r  t h i s  
low-emissivity surf  ace was furnished by the  fcamdacturer. The 
rad ia t ion  and convective environments within the cav i ty  were 
determined from these two gages. 
Since the Phase I environmental da t a  indicated t h a t  the hea t ing  
environment i n  a t ransverse gap was  r e l a t i v e l y  i n s e n s i t i v e  t o  
the shear Reynolds number, t he  primary parameters we simulated 
i n  the Phase I1 t e s t s  were the ex te rna l  heating r a t e  and t~ 
hea t  load. For these  tests we se l ec t sd  two t e s t  condi t ions t h a t  
gave heating l eve l s  of 4.5 and 9.5 Btu/f t2-sec, respect ively.  
These l e v e l s  were maintained f o r  the  times shown i n  Figure 71  t o  
simulate the en t ry  heat pulse  at a windward elevon hingel ine 
l o  ca t  ion. 
The surface pressures on the  model f o r  these two test condi t ions 
are noted i n  the cross-hatched port ions of the f igure .  The 
f l i g h t  va r i a t i on  of the l o c a l  sur face  h i s to ry  is  ind ica ted  by 
the a s t e r i s k s  on the f l i g h t  heat ing r a t e  curve, which is desig- 
nated as the basel ine input.  
Note t ha t  the surface pressure expected during the  f i r s t  21.5 
minutes of the test approximates t he  average f l i g h t  pressure 
during t h i s  i n t e rva l .  However, t he  sur face  pressure expected 
during the second heating pulse  of 9.5 Btu/f t2-sec is lower thar, 
the average f l i g h t  preseure during t h i s  period by approximately 
a f a c t o r  of 2. Using the  3.5-Mw f a c i l i t y ,  a s  o r ig ina l ly  planned, 
would have allowed us t o  produce a test surface pressure of 0.35 
ps i a ,  matching the f l i g h t  value during peak heating. However, 
the unava i lab i l i ty  of t h i s  f a c i l i t y  necess i ta ted  t h a t  the t e s t s  
be conducted using the 1.5-Mw tcrch. 
This d id  not  ser iouoly compromise the test r e s u l t s  s i nce  the  
flow i n t o  and through the cove and end gaps is cont ro l led  by the  
pressure ratio across  the gaps r a the r  than by t h e  absolute pres- 
sure ZeveZs. As long as t h i s  r a t i o  is g rea t e r  than two, t he  flow 
w i l l  b e  choked and there  w i l l  be a po t en t i a l  f o r  leakage. Since 
the pressure r a t i o  .across the  s e a l  simulated t he  f l i g h t  values ,  
and s ince  the f l i g h t  heat pulse  is being applied, t he  test should 
Legend : 
Q = Heat Load, Btu/ f t  2 @ = F l i g h t  Surface Pressure, ps i  
PS 
= Surface Pressure, p s i  - Model = ' ~ e s  t Condition 1 
Fig. 71 Plasma Arc Simulation of S?~ce ShxttZe Reentry Zeating Environment 
have reproducei the f l i g h t  heating environment within the gap 
regions. 
The plasma a r c  f a c i l i t y  was ca l ibra ted  by determining the optimum 
input power l e v e l  and gas f l o w r ~ t e  needed t o  produce the two t e s t  
conditions specif ied.  Total enthalpy was determined by the energy 
balance method, i n  which measurements of power input ,  system los ses ,  
and t o t a l  gas mass flow were used t o  solve the following equation: 
Ht = Power In - Losses. 
Gas Mass Flow 
Conditions within the t e a t  chamber were ca l ibra ted  using an 8-in. 
b ?  12-in. wedge holder with ail aluminum p la t e  mounted a t  a 30' 
m & l e  of a t tack.  Five Thermogage Gardon calor imeters  were in- 
s t a l l e d  t o  measure va r i a t i on  i n  t he  l a t e r a l  and l m g i t u d i n a l  heating 
r a t e  across  the sur face  of the wedge. The input  power w a s  then 
varied t o  give the  required heat f luxes  f o r  the two t e s t  con- 
d l  t ions  . 
Three of the calorimeters were i n s t a l l e d  i n  a l a t e r a l  l i n e  at the 
loca t ion  of the cove gap on the  test models (8 in.  from the lead- 
ing edge of the wedge model). The center  calorimeter w a s  used 
as the control  measurement during t h i s  procedure. Once the t e s t  
points  were es tab l i shed ,  severa l  runs were made t o  e s t a b l i s h  the  
r epea t eb i l i t y  of the data. 
In  addi t ion t o  es tab l i sh ing  the two t e s t  conditions,  we a l s o  took 
a r c  s e t t i n g s  and calorimeter readings f o r  the  i n i t i a l  preheating 
period shown i n  Figure 71. This preheating period was required 
f o r  two reaeons. F i r s t ,  the  weight of the model precluded the 
use of the model i n se r t i on  arm a f t e r  the  t e s t  conditions had 
been establiehed. Consequently, t he  model was posi t ioned before 
we s t a r t e d  the torch. Using a low i n i t i a l  heat ing l e v e l  a l s o  
provided the  necessary t i m e  t o  reach the  torch s e t t i n g s  f o r  Test 
Condition 1, provided a preheating period f o r  t he  RSI material ,  
and minimized the thermal shock t h a t  would have ex is ted  i f  the 
model had been inser ted  d i r e c t l y  i n t o  the test stream, which was 
already a t  Conditiod 1. 
Following t h i s  ca l ib ra t ion  procedure, we i n s t a l l e d  the  test 
model i n  the ce l l .  The t o t a l  run time waa approximately 32 min- 
utes .  After  the t e a t ,  a l l  instrumentation was l e f t  on f o r  a peri-  
od of from 5 t o  10 addi t iona l  minutes t o  record any maximum temp- 
e ra tu re s  tha t  might have occurred a s  a r e s u l t  of hea t  soakback. 
These da ta  were recorded on s t r i p  char t  recorders and reduced 
using the appropriate ca l ib ra t ion  constants.  
A t o t a l  of seven t e s t s  were conducted during the Phase I1 t e s t  
period. Table 14 summarizes the  configurations used f o r  these 
runs. As seen i n  the t ab l e ,  th ree  test exposures were made with 
the elevon/wing cove gap model, and two runs were made on each of  
the end gap models. 
The second run on the unsealed end gap model was made using a mod- 
i f i c a t i o n  of the o r ig ina l  model. A %-in. aluminum p l a t e  w a s  used 
t o  replace the %-in. MAR-SI s l a b  used on the f ixed port ion of the  
end gap. Figure 72 shows the model modified to  accommodate the 
aluminum plate .  This p l a t e  was  instrumented with seven Thenno- 
gage Gardon calorimeters,  which were located a s  shown i n  Figure 73. 
Test Results 
Both of the object ives  of the test were accomplished during the 
Phase 11 test period. A l l  of the models were exposed to  a s h u -  
l a t ed  Space Shut t le  en t ry  heating pulse,  and the dynamic s e a l  
concepts successful ly  l imited the  s t ruc tu re  within a representa- 
t i ve  cont ro l  surface cove gap t o  temperatures below the design 
l i m i t  of 350°F. Each of the models exhibited a unique rempera- 
tu re  response t o  the en t ry  environment, and repeat runs r e su l t ed  
i n  good da t a  reproducibi l i ty .  
Table 15  summarizes the da t a  obtained during the Phasc I1 t e s t .  
A l l  the thermocouples provided output during the test with the 
s ing le  exception of T17, which d id  not record during Run 4. 
Recording d i f f i c u l t i e s  on the elevonlwing cove gap model r e su l t ed  
i n  a l o s s  of the  calorimeter da t a  during the f i r s t  two runs. This 
problem was resolved a f t e r  the second run, and da t a  were obtained 
f o r  the  l a s t  run on t h i s  model and f o r  a l l  subsequent runs on the 
end gap models. 
Surface preseure measurements were not obtained during any of the 
runs. We did not consider the  lack  of model pressure da t a  ser ious ,  
howwrr, eince we were ab le  t o  r e l i a b l y  estimate the ac tua l  surface 
pressures on the model ueing the p i t o t  pressures t ha t  had been 
recorded during the  ca l ib ra t ion  runs and the r a t i o s  of the  surface- 
to-pitot pressure t h a t  had been recorded during the Phase I environ- 
mental t ea t s .  This technique resul ted i n  the surface pressures  













































































































































































Fig. 72 End Gap !!ode2 i j i th  Alminm Czlcrimeter 
Plate  Instal led 
Fig. 73  End Cap Calor6rieter Locations - Modified End Gap Mode2 
9 9 
TabZe 15 Data Sirnary for  Phase :I Seal Conoepte Test 
( a /  R m  I ResuZts 
131 Run C 9esu2ts  
l leasurement 
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Arc Flpcsvrr Ptrfcd 
Comparison of Mmimwn Temperatures - Figure 74 compares t h e  max- 
imum temperatures recorded f o r  each of the th ree  models. Note 
t ha t  these  temperatures a r e  f o r  locat ion8 t h a t  were common to 
a l l  three models. The MAR-SI temperature measurements were 
corrected f o r  conduction lo s se s  and extrapolated t o  represent  the 
values a t  the sur face  by ueing theo re t i ca l  p red ic t ions  of the 
temperature gradient  through the bas i c  MAR-SI mater ia l .  
Figure 7 4 a l so  includes o p t i c a l  pyrometer readings taken during 
runs 4 t o  7 on the en3 gap models. These pyrometer readings 
were corrected t o  a sur face  emissivi ty  value of 0.8, 
Predicted Surf ace 







h e  f i r s t  point  t o  note from t h i s  compilation is tha t  the  baae- 
l i n e  cove gap model had temperatures much lower than the design 
l i m i t s  of 500°F f o r  the cu r t a in  seal and 350°F f o r  t he  aluninum 
s t ruc tu re .  Tlle maximum temperature t h a t  was recorded was 236OF 
on the cur ta in  seal. I n  con t r a s t ,  t he  maximum temperatures on 
the s t ruc tu re  ranged from 203OF t o  216OF. These low temperatures 
a r e  pa r t i cu l a r ly  noteworthy when compared with the temperatures 
i n  the gap (> 1500°F) and on the  ex te rna l  sur faces  (12100°F). 
Measured P i  t o t  
Pressure,  p s i a  
0.15 
0.28 
Moat of the i n t e r n a l  temperatures were higher f o r  the end gap 
model with the l aby r in th  seal. The maximum temperature of the 
s e a l  increased by 50°F, and the  meximum increase f o r  the s t ruc-  
t u r e  was 31°F a t  the cu r t a in  scpport  shelf  ( loca t ion  B i n  Fig. 
74). Gap temperaturea a l s o  increased significantl+.--by over  
200°F. 
The only places  where t h e  temperature decreased were at loca t ions  
D and E ( the  s t r u c t u r e  underneath the  MAR-SI) and on I 'ie MAR-SI 
at po in t  I. These locat ion6 rhould no t  have been as s e n s i t i v e  
t o  t h e  model configuration change s ince  the  lat ter  measurement 
( a t  point I) i a  an ex te rna l  measurement t h a t  would be expected 
t o  be independent of any end gap e f f e c t r ,  and s ince  t he  o t h e r  
twu a r e  insulated from t h e  gap environment. We a t t r i b u t e  the  
emall reduction i n  thosr  temperatures t o  the  f a c t  t h a t  a 
s l i g h t l y  d i f f e r en t  heating environment occurs a t  the t r a i l i n g  
edge of the e l ewn .  (As indicated earlier, t h i s  por t ion  of the  
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t' a .  In 
E m  0 
E: 0- c 
j e t  and eqlp. .. e>.:e.d some var ia t ions  i n  heat ing r a t e  t ha t  were 
apparently dependent on the  balance between the  j e t  ex1 t preeeure 
and the c e l l  pressure.) 
A comparison of temperatures f o r  the  unsealed end gap model 
with temperaturee f o r  the o ther  two models r e s u l t s  i n  the follow- 
ing observations : 
1) The labyr in th  s e a l  has a s ign i f i can t  e f f e c t  on the temperature 
increase6 caused by an end p V 3  and decreaeae the  temperature r i s e  
resu l t ing  from an unsealed ~1.d gap by more than 50%. Temperature 
reductions of t h i e  order  ware oblrerved a t  a l l  of the i n t e r n a l  
location8 [A t o  E (Fig. 74) 1 and along the surf  aces of the cove 
gap. 
2) Despite the  higher temperatures recorded i n  the  unsealeci end 
gap model, the observed values a r e  s t i l l  below the design l imi t e ,  
suggesting tha t  a labyr in th  s e a l  may not be required t o  maintain 
su i t ab l e  temperaturee within a winglelevon cove gap. 
The maximum temperatures recorded i n  the  end gap region of the 
end gap models a r e  suuunarized i n  Figure 75. Again, the benef ic ia l  
e f f e c t s  of the labyr in th  r e a l  can be roen by comparing the surface 
temperatures recorded underneath the MAR-SI end gap insu la t ion .  
Measuremente on the l ~ b y r i n t h  real model showed tha t  the aluminur 
s t ruc tu re  had a msximwn temperature of 207OF, compared with a 
value of 292'F f o r  the open end gap model--a difference of 8S°F. 
The MAR-SI temper.atures recorded i n  t h i e  region ehow the po ten t i a l  
TPS d e ~ i g n  problem t h a t  e x i s t s  along the end gap surfaces;  namely, 
tha t  extremely high temperatures can be expected aiong thaee s:w- 
facer because of rad ia t ion  blockage ef f e c t e  . This i e  graphical ly  
i l l u r t r a t e d  i n  Figurs 76, which uhowe the  damage to  the MAR-SI 
coating tha t  occurred during t h e  f i r s t  run with the unsealed end 
gap model. Note tha t  the coating ac tua l ly  melted i n  some spots ,  
which would have required temperatures on the order of 3000°F. 
Even the labyr in th  r e a l  urperienced r e l a t i v e l y  high temperatures, 
a8 ehowa by tho discolorat ion pa t t e rns  i n  Figure 77. Here again,  
although tho labyr in th  o u l  moue1 d id  not experience the same 
extremely high temperature8 recorded i n  t he  end gap of the  unsealed 
end gap model, t h i s  w o  only becwro  r i z a  l imi ta t ione  d id  not  
allow a f ull-length rimarlation of tho elevon end gap : lrimilar high 
temperatures would be expected f u r t h e r  downotremn i n  a labyrinth-  
e a d o d  end gap. The primary funct ion of the labyr in th  s e a l  i e  
to  l imi t  the  amount of flow enter ing the  azea on the backside of 
the cur ta in  eea l ,  not t o  eea l  the elev<,- end gap. 
(a) EndGapwithLabyrinthSeal 
(b) Unsealed End Gap 
Fig. 75 SWEZ&-~ ~f ;licrsimron Tempemtures Recorded i n  the 
End Gap Region during the Phase I1 Tests 
pig.  76 Donaged M - S I  Surface a t  End Cap i n  
~neea led End C a p  Model 
Fa+. 77 DiscoZcratia Pattern on Lubyrtnth 
Seal after Phczse XI Testa 
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Transient Temperature Response - Figure 78 ind ica tes  the  tran- 
s i en t  response of the thermocouples located on and near the cur- 
t a i n  sea l .  Data a r e  shown f o r  each model. The times correspond- 
ing t o  the two d i f f e r e n t  t e s t  conditions a r e  noted on the  f igure .  
Predictably, the  thermocouples located on the thermally unprotected 
curtain s e a l  and on the support shelf  ( locat ions A and B, respec- 
t ively)  reacted immediately t o  the change i n  t e s t  conditions,  as 
noted by the change i n  s lope at t h i s  time. Conversely, the thermo- 
couple located on the s t r u c t u r e  underneath the W - S I  w a s  no t  im- 
mediately affected by the  abrupt change i n  environment. Similar ly,  
the temperatures a t  A and B peaked j u s t  a f t e r  the end of Test Con- 
d i t i on  2 ,  whereas the temperatures recorded a t  C continued t o  in- 
crease during the e n t i r e  test duration and did not  peak u n t i l  3 
minutes a f t e r  shutdown. 
Figure 78  a l so  shows t h a t  the maximum temperature d i f fe rences  
noted e a r l i e r  between the  models ex is ted  throughout the e n t i r e  
t e s t .  Again, i t  can be seen tha t  the end gap model with a labyr in th  
s e a l  reduced end gap temperature e f f e c t s  by 50% from those measured 
i n  the unsealed end gap model. 
Knowing the t rans ien t  temperature h i s to ry  during soakback allowed 
us to assess  the e f f e c t  of the water-cooled end p l a t e s  on the 
temperatures of the f l ightweight  aluminum s t r u c t u r e  surrounding 
the sea l .  These da t a  were taken a t  the end of runs 1 and 2 on 
the wing/elevon cove gap model. In  the  f i r s t  run, the water cool- 
ing was continued during the cooldown period t h a t  followed torch  
shut-down, and all  model temperatures were recorded f o r  5 minutes 
during t h i s  in te rva l .  After  the second run t h e  cooling water t o  
the s ide  p l a t e s  was shut  off and the temperatures were again moni- 
tored f o r  5 minutes. A comparison of the temperature-time s lopes 
during t h i s  period showed tha t  there  were no apparent d i f fe rences  
and substant iated the use of the r e f r a s i l  c lo th  gaskets  between 
the end p l a t e s  and the i n t e r n a l  model s t r u c t u r e  t o  miniuize con- 
duction losses .  
Further evidence suggesting tha t  t he  conduction lo s ses  t o  the 
water-cooled end p l a t e s  were negl ig ib le  was obtained by noting 
the temperature dif  f erences between the  cur ta in  s e a l  and the 
aluminum s t ruc ture .  As seen e a r l i e r  i n  Figure 74,  t he  cur ta in  
was no more than 50°F h o t t e r  than the highest s t ruc tu re  temper- 
a tu re  recorded. Thermal analyses supported t h e  f a c t  t h a t  t he  cur- 








































































































































cacacitance and because the  low l a t e r a l  thermal conductance of the 
cu r t a in  s e a l  ensures tha t  there  w i l l  be v i r t u a l l y  no conduction lo s se s  
between the  s e a l  and end p l a t e .  Sicce the  maximum temperature 
differences between the cur ta in  and structure were no more than 
50°F, t h i s  suggests t h a t  t h e r e  are neg l ig ib l e  conduction lo s se s  
between the end p l a t e s  and the  aluminum s t ruc tu re .  
Cove Gap Heating Memuwnents - The r e s u l t s  of the  Phasc I1 cove gap 
calorimeter measurements a r e  shown i n  Figure 79. 
Figure 79 (a) compares the rad ia t ion  and convect ion  heat ing r a t e s  
measured i n  the  labyrinth-sealed end gap model and shows the s ign i f -  
icance of t h e  thermal r ad i a t i on  emanating from t h e  hot sur faces  of 
the gap. This thermal rad ia t ion  was f i v e  times g rea t e r  than the  l e v e l  
of the convective environment. Note t ha t  the  ac tua l  rad ia t ion  envi- 
ronment during f l i g h t  w i l l  be s l i g h t l y  higher than tha t  measured i n  
the  t e s t  s i nce  the  test calorimeters also viewed the  s i d e  wal ls  of 
the model. During f l i g h t ,  a calorimeter placed a t  the  midspan of 
the hinge l i n e  gap would not  "see" a s i d e  wal l ,  and would effec-  
t i ve ly  "see" a hot  gap of i n f i n i t e  span. The difference between the  
t e s t  view f ac to r  of a f i n i t e  gap span and the  f l i g h t  view f a c t o r  f o r  
an i n f i n i t e  gap span is estimated t o  be on the  order of 10%. 
It IS a l so  i n t e r e s t i ng  t o  note  t ha t  the maximum raa i a t i on  heat ing 
r a t a s  measured during the  plasma a r c  t e s t  a r e  equivalent t o  a source 
temperature of 840°F (assuming an emissivi ty  of 0.8). This value 
represents  the  average temperature of a l l  t he  surfaces  s ~ ~ r r o u n d i n g  
the  calorimeter (including the cooler aluminum s t r u c t u r e ,  and implies 
t ha t  t he  ac tua l  gap temperatures would be  much higher th;n t h i s  -- 
qua l i t a t i ve ly  reinforcing the  thermocouple measurements obtained i n  
the  pep. 
The combined rad ia t ion  and convection environrlent f o r  all  three  
models is  compared i n  Figure 79(b). This f i ~ u r e  a l s o  subs t an t i a t e s  
the  thermocouplo da ta ,  which ind ica ted  t h a t  the  heating environment 
increased a s  the  test configurations were var ied from the base l ine  
winglelevon gap model, t o  the  labyr in th  sea led  end gap model, and 
f i n a l l y  t o  the  unsealed end gap model. The f igure  a l s o  snows the  
percentage of the ex te rna l  environment a t  the  cove gap entrance 
d u r i s ~  the t e s t .  The t o t a l  heating l e v e l  i n  the  cav i ty  is about 20% 
of t h t  ex te rna l  l eve l .  

The convective heat ing environment i n  the  cav i ty  is shown i n  Figure 
79(c), again f o r  t h e  t h r ee  configurations t ha t  were tested.  The 
r e s u l t s  a r e  presented i n  terms of  t he  percentage of thz reference 
external  heat ing r a t e  a t  the gap entrance. For comparison, t he  
Phase I environmental r e s u l t s  a r e  given f o r  a 0.5-in. cove gap and 
l o 0  down cont ro l  sur face  posi t ion.  
The same trend with configurat ion is evident;  t ha t  is, t h e  lowest 
heat ing r a t e s  occurred i n  t he  elevon/wing gap model and the  highest 
r a t e s  were measured i n  t he  open end gap model. 
Figure 79(c) a l so  shows tha t  the Phase I and Phase I1 measurements 
agree during the i n i t i a l  port ion of the t e s t ,  but  the Phase I1 
readings f o r  t he  elevon/wing gap model gradually increase over t i m e  
t o  a l e v e l  approximately twice t he  i n i t i a l  value. This increase 
could be due t o  a gradual increase i n  the cove gap sur face  temp- 
e r a tu re s  during the test. As these temperatures increase ,  the 
amount of heat taken from the incoming air decreases,  r e su l t i ng  
i n  a higher heating rate being measured by the calor imeters .  The 
r e l a t i v e l y  constant heat ing rate curve shown f o r  the  second model 
could have occurred because the  higher hea t ing  r a t e s  drove t h e  wal l  
temperatures t o  higher values sooner, thus minimizing t h i s  e f f e c t .  
Unfortunately, t h i s  would not explain t he  decreasing convective 
h i s to ry  observed f o r  t h e  unsealed end gap model. The only explana- 
t i o n  offered fo r  t h i s  phenomenon is  based on the  following observa- 
t ions:  F i r s t ,  t h e  convective hea t ing  i n  t he  sealed cove gap is a 
s t rong funct ion of t h e  presence of  an  end gap; and secondly, i n  
t e s t i c g  t he  unsealed end gap model, t he  high temperatures i n  t h e  
end gap caused t h e  MAR-SI coat ing t o  melt and c lo se  o f f  por t ions  of 
t he  end gap. This blockage of  t h e  end gap during t h e  test may have 
contr ibuted t o  t h e  d i f f e r e n t  convective heat ing l e v e l s  not iced i n  
the  cove gap. 
It is a l s o  i n t e r e s t i ng  t o  specula te  on which port ions of a f u l l -  
s c a l e  cove gap would be influenced by end gap e f f ec t s .  Cetainly 
those regions near t h e  end gap t h a t  a r e  a s  c lo se  a s  t h e  test con- 
f igura t ion  (4 in.)  would be expected t o  see  t he  same increase i n  
heat ing noted between the  base l ine  model (without an end gap) and 
the end gap models. However, i t  seems reasonable t o  expect these 
e f f e c t s  t o  diminish a s  t h e  spanwise d i s tance  from the  end gap is 
increased, much the  same a s  t he  heat ing i n  t he  cove gap decreased 
with d i s tance  from t h e  gap entrance. It is  therefore  possible  tha t  
t he  environmental measurements obtained on the  base l ine  model could 
apply t o  a l a r g e  por t ion  of  t h e  cove gap near  t he  midspan of the  
wing. Unfortunately, w e  were unable t o  a s se s s  t h i s  p o s s i b i l i t y  
with the  cur ren t  models because of t h e i r  l imi ted  spanwise dimension. 
Resolving t h i s  quest ion w i l l  r equ i r e  fu r the r  t e s t i n g  on a model 
with a g rea t e r  spanwise simulation capab i l i t y .  
End Cap Heating Measurements - The da ta  obtained when t h e  aluminun 
p l a t e  containing t h e  calor imeters  w a s  i n s t a l l e d  i n  t he  unsealed end 
gap a r e  presented i n  Figure 80. The measured heat ing r a t e s  have 
been normalized with respec t  t o  the  ex te rna l  heat ing r a t e  a t  t he  c9ve 
gap entrance. 
A s  shown i n  the  f igure ,  t h e  heat ing i n  t he  gap exceeded the  re.fer- 
ence value near t h e  entrance t o  t he  end gap and then f e l l  below the  
reference value a s  t h e  d i s t ance  i n t o  t h e  gap increased. The top 
calorimeter recorded a very low heat ing r a t e  -- only 4.1% of the  
reference l eve l .  This value,  however, may not  be  represen ta t ive  of 
t he  heating r a t e  a t  t h e  same d i s t ance  from t h e  gap Pntrance fu r the r  
downstream s i n c e  i t  could have been outs ide  t he  primary flow path 
through t h e  gap. 
Figure 81 is a p l o t  of  t h e  heat ing r a t e  d i s t r i b u t i o n  along a path 
aligned with t h e  ex t e rna l  flow d i r ec t i on .  Here t h e  measured heat ing 
r a t e s  a r e  given a s  a func t ion  of t h e  d i s tance  from the  gap entrance 
divided by t h e  gap width. 
Flow through two p a r a l l e l  p l a t e s  may be  considered analagous t o  pipe 
flow i f  t he  flow is considered choked (subsonic). For t h i s  reason, 
a theo re t i ca l  pipe flow curve is  a l s o  shown i n  Figure 81. Kays 
theory (Ref 6) of p ipe  flow, which Includes entrance e f f e c t s ,  was 
evaluated using t h e  following two assumptions: 
1 )  The average pressure  i n  t h e  gap is 75% of t he  pressure a t  the  
reference loca t ion ;  
2) The e f f e c t i v e  p ipe  diameter can be defined by t h e  hyd ra i~ l i c  
rad ius  f o r  twc p a r a l l e l  p l a t e s  (i.e., De +. 2 9  . 
Thermodynamic p rope r t i e s  i n  t h e  gap were determined by assuming 
t h a t  t he  t o t a l  temperature i n  t h e  gap was equal t o  t h e  l o c a l  
ex te rna l  s t a t i c  temperature. 
A comparison of t h e  da t a  wi th  t h e  theory is inconclusive s ince  the  
model did not  s imulate  t h e  36-in. depth t h a t  occurs a t  t he  eleven/ 
body end gap. The f i gu re  does emphasize, however, t he  l a r g e  degree 
of  uncertainty t h a t  exists f o r  S/W values g rea t e r  than 15. 

Note: W - End Gap Width (0.625 I nc hes) 1 
\ Flow Direction ,-'. 
~ a l o r i  meter 1 
Data 
! 
F i g .  81 Comparison of Phase I1 End Cap CaZoKmeter Data vi th P ipe  FZm Theory 
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CONCLUDING DISCUSSION 
---- -.----------------------.---------------------------- -----.----- 
GENERAL REMARKS 
The primary o b j e c t i v e  of t h i s  c o . ~ t r a c t  w a s  t o  des ign ,  develop,  
and t e s t  dynamic s e a l  concepts  f o r  use  on t h e  Space S h u t t l e .  
Two s e a l  des ign concepts were i n v e s t i g a t e d  -- t h e  f l e x i b l e  cur-  
t a i n  s e a l  and t h e  l a b y r i n t h  s e a l .  The c u r t a i n  s e a l  concept must 
be considered a s t r o n g  cand ida te  f o r  S h u t t l e  a p p l i c a t i o n  on t h e  
b a s i s  of its eva lua t ion  i n  t h i s  program. Our t e s t s  show t h a t  a 
spanwise s e a l  must be i n s t a l l e d  t o  c o n t r o l  t h e  high-temperature 
environment and t h a t  t h e  c u r t a i n  s e a l  does t h a t  job. The laby- 
r i n t h  s e a l ,  however, though demonstrating t h a t  i t  too can do 
t h e  job,  may no t  r e a l l y  be requ i red .  T e s t s  conducted without a 
l a b y r i n t h  seal ind ica ted  t h a t  t h e  temperatures  i n  t h e  gap d id  
no t  su rpass  t h e  des ign  maximum of 350°F. 
This l a t t e r  observat ion tends  t o  p resen t  some concern about 
pushing t h e  margin of s a f e t y  and seems t o  say t h a t  a d d i t i o n a l  
experimental  t e s t i n g  is  probably requ i red  t o  support  a "no-seal" 
approach. Nevertheless,  t h e  l a b y r i n t h  s e a l  concept should be con- 
s i d e r e d  i f  a c t u a l  e n t r y  environments su rpass  t h e  b a s e l i n e  t e s t  
c r i t e r i a  used i n  t h i s  c o n t r a c t .  For example, t h e  e n t r y  environ- 
ment at t h e  wing t i p ,  a s  p r e s e n t l y  understood, produces e x t e r n a l  
s u r f a c e  temperatures exceeding 2000°F, whereas t h i s  program's 
s u r f a c e  temperature was basel ined a t  between 1700°F and 1800°F. 
I n  t h e  f a c e  of higher s u r f a c e  temperatures  a l a b y r i n t h  s e a l  
b u i l t  of a temperature- insensi t ive  m a t e r i a l  i n  t h e  2000°F range 
( l i k e  carbon-carbon) may be t h e  answer. 
During t h e  course o f  t e s t i n g  t h e  two s e a l  design concepts,  a 
s e r i o u s  problem of h igh r a d i a t i o n  blockage was found w i t h i n  t h e  
elevon end gap and along i t s  e n t i r e  l eng th  t o  t h e  t r a i l i n g  edge. 
This problem, al though n o t  c o n t r i b u t i n g  t o  t h e  temperature e f f e c t  
on t h e  unprotected s t r u c t u r e  w i t h i n  t h e  e levon,  does c o n t r i b u t e  
t o  t h e  high temperatures on t h e  e x t e r n a l  s u r f a c e s  of t h e  elevon- . 
end TPS and t h e  TPS on t h e  s i d e  of t h e  S h u t t l e  body and i s ,  there-  
f o r e ,  a "must" f o r  f u r t h e r  s tudy ,  development, and t e s t i n g .  
DEVELOPMENT TEST DISCGSSTON 
On the  bas i s  of our developrrent t e s t s ,  we can make the  following 
observations r e l a t i v e  t o  t he  design of dynamic s e a l s  f o r  Space 
Shu t t l e  cont ro l  surfaces .  
Gap Environment 
Convection - The convective environment within a sealed 
hinge l i n e  gap aligned normal t o  the flow decreases rap id ly  a s  
t he  d i s tance  i n t o  the  gap increases .  Heating r a t e s  measured i n  
t he  v i c i n i t y  of an i n t e r n a l  s e a l  a r e  2% of the  a t e r n a l  l e v e l  
fo r  a li-in.-wide gap. Increasing the  gap width by a f ac to r  of 
two can quadruple t he  gap co.~vective environment. Similar ly ,  a 
cont ro l  surface de f l ec t i on  angle  of 10' downward produces twice 
t he  heat ing measured f o r  a 0' angle. La t e r a l  flow e f f e c t s  
created by an end gap can a l s o  double t he  convection l e v e l s  i n  
t h e  cove gap. Sealing the  gap reduces t h e  environment within a 
given gap configurat ion by f a c t o r s  ranging from 4 t o  6. A com- 
parison of t he  convective da t a  obtained i n  t he  present test with 
other  t ransverse gap inves t iga t ions  suggests t h a t  t he  convective 
heat ing can be cor re la ted  with the  r a t i o  of the gap dis tance di- 
vided by gap width, 
An i n i t i a l  assessment of t h e  convective heat ing i n  the  end gap 
of a con t ro l  sur face  i nd i ca t e s  that heat ing l e v e l s  w i l l  decrease 
a s  t h e  d i s tance  from t h e  gap entrance increaees,  I n  our t e s t s ,  
however, t he  model was too shallow.to determine whether t h e  
heating reaches a constant l e v e l  (as would occur i n  pipe flow) 
o r  continues t o  decrease. Additional t e s t s  should be considered 
t o  def ine  t h e  environment along the  e n t i r e  depth of representa- 
t i v e  end gaps f o r  Space Shut t le  cont ro l  surfaces .  
Radiation - Although t h e  convective heating r a t e s  i n  cont ro l  
sur face  gaps a r e  not excessive,  the  rad ia t ion  interchange t o  
space can cause very high temperatures within these gaps. Radia- 
t i o n  from high-temperature regions i n  the  cove gap t o  t he  i n t e r n a l  
port ions of t h e  cav i ty  was measured t o  be 5 times grea te r  than 
the  convect ion  leve l .  
Sea l  Performance 
The c u r t a i n  seal des ign  concept recommended f o r  t h e  elevon/wing 
cove gap of t h e  Space S h u t t l e  can surv ive  a t y p i c a l  S h u t t l e  e n t r y  
heat  pulse.  This concept limits t h e  unprotected s t r u c t u r e  t o  
temperatures below 350°F. The l a b y r i n t h  s e a l ,  which had been 
developed a s  an end c loseout  f o r  t h e  c u r t a i n  s e a l ,  reduces end 
gap e f f e c t s  by 50%, but may o r  may not be required,  depending 
on t h e  a c t u a l  des ign  conf igura t ion  and enviroru~cnt .  
SPECIFIC CONCLUSIONS 
1. The hinge l i n e  s e a l  technique (as  opposed t -IX t e r  sai  
s e a l )  i s  d e f i n i t e l y  f e a s i b l e  f o r  t h e  Space S h u t t l e .  
2. The c u r t a i n  s e a l  concept has  e x c e l l e n t  test c r e d e n t i a i s ,  is 
c o s t  e f f e c t i v e  and reusab le ,  and demonstrates an  e x c e l l e n t  
c a p a b i l i t y  f o r  accommodating d e i l e c t i o n s  and to le rance  
buildups.  
3. The 70-node thermal model developed under t h i s  c o n t r a c t  is  
w e l l  s u i t e d  f o r  working thermal des ign  problems i n  cove gaps. 
4 .  The s i z i n g  s f  cove and end gap widths is  dependent on t h e  
s t r a t e g i c  placement of hinge p o i n t s ,  which i n  t u r n ,  govern 
t h e  d e f l e c t i o n  and expansion allowances. 
5 .  A plasma a r c  s imula t ion  of t h e  Space S h u t t l e  e n t r y  environ- 
ment is a n  e f f e c t i v e  test method f o r  sc reen ing  des ign  con- 
c e p t s  wi th  r e s p e c t  t o  aerodynamic hea t ing  i n  gaps. 
6 .  M u l l i t e  s t a n d o f f s  and r e f r a s i l  rubbing seals have p o t e n t i a l  
f o r  helping r e s o l v e  des ign problems r e l a t e d  t o  l o c a l i z e d  
hea t ing ,  
PRECTDING PAGE BLAI,IK NOT FILm 
RECOMMENDATIONS 
................................................................ 
ELEVON END GAP STUDlhS 
A s  shown i n  t h e  Phase I1 t e s t s ,  t h e  r a d i a t i o n  blockage e f f e c t - -  
coupled wi th  r e l a t i v e l y  high convect ive  hea t ing  levels--caused 
s e v e r t  damage t o  t h e  RSI c o a t i r  ; i n  the  0.53-11;. u-sealed end 
gap. Temperature p r e d i c t i o n s  based on ca lo r imete r  d a t a  f o r  the  
open-gap t e s t  models show t h e t  these  temperatures  may be w e l l  
above 3000°F dur ing : l ight .  This sugges t s  t h a t  a d d i t i o n a l  de- 
s i g n  e f f o r t s  a r e  needed t o  reconf iyure  t h e s e  gaps s o  a s  t o  i n -  
c rease  t h s  r a d i a t i o n  r e l i e f  t o  space  and minimize t h e  r a d i a t i o n  
in terchange by using b a f f l e s ,  by o p t i n i z i n g  the  r a d i a t i v e  char- 
a c t e r i s t i c s  of t h e  s u r f a c e s ,  e t c .  
There a r e  e s s e n t i a l l y  two b a s i c  approsches f o r  r e s r l v i n g  t h i s  
problem. The f i r s t  of t h e s e  invo lves  determining t h e  tempera- 
t u r e  r educ t ion  t h a t  can be achieved by reconf igur ing  t h e  Rap 
t o  reduce t h e  convect ive  environment w i t h i n  t h e  go$ and t o  
i n c r e a s e  t h e  r a d i a t i o n  view f a c t o r s  t o  space.  The b a s i c  objec- 
t i v e  of t h i s  approach would be t o  o b t a i n  a n  end gap geumetry 
t h a t  a l lows  t h e  use  of HRSI o r  carbon/carbon m a t e r i a l s ,  thus  
ensur ing TPS r e u s a b i l i t y  i n  t h i s  region.  
The temperature reduc t ions  t h a t  can  be r e a l i z e d  from t h i s  type  
of approach a r e  s h w n  i n  tf .e  t o p  band of Figure  82, which g ives  
t h e  p red ic ted  temperature  d i s t r i b u t i o n  a c r o s s  a 36-in. deep end 
gap a t  t h e  elevon/body junc tu re .  The top  curve  is f o r  a 1-in.  
p a r a l l e l  gap between two HRSI s u r f a c e s .  The dashed curve  shows 
t h e  temperature d i s t r i b u t i o n  a c r o s s  a 1-in.-wide gap a t  t h e  wind- 
ward s u r f a c e  wi th  a 10' d ivergence ang le  t o  t h e  leeward su r face .  
It can be seen  t h a t  t h i s  s imple  change i n  geometry reduces  t h e  
temperature  i n  t h e  end gap by 500°F and provides  end gap ternperk- 
t u r e s  approaching t h e  maximum rei:se temperature of HRSI. 
The second approach would be t o  i n v e s t i g a t e  t h e  v a r i o u s  methods 
t h a t  could be used t o  mainta in  one s i d e  of t h e  gap a t  a tempera- 
t u r e  low enough t o  remove h e a t  from t h e  opposing s u r f a c e  by 
r a d i a t i o n .  Pre l iminary  s t u d i e s  have shown t h a t  t h e  most prom- 
i s i n g  approach (from a weight s t a n d p o i n t )  appears  t c  be  t o  use  
a low-temperature-subliming material such a s  Tef lon.  

The lower band of Figure 82 shows the  predicted temperature dis-  
t r i bu t ions  i n  an elevon/body end gap using Teflon on the  elevon 
s i d e  of the  gap and HRSI ou the  body s ide .  The temperatures 
plot ted i n  t h e  f i gu re  a r e  t he  maximum surface temperatures on 
the  HRSI mater ia l .  It can a l s o  be seen t h a ~  using a sublimer on 
one s i d e  of t h e  gap can lower t he  WSI temperatures t o  acceptable 
l eve l s ,  but does so  a t  t h e  expense of addi t iona l  veight  and re- 
furbishme~lt cos t s .  
ADDITIONAL PLASMA ARC TESTS ON EXISTING TEST XODELS 
Although t h e  present program provided a grea t  dea l  of experimen- 
t a l  t e s t  d a t a  and ana lys i s  toward resolving gap heat ing problems, 
there  is a much more complete understanding of t he  problem t o  be 
rea l ized  by conducting add i t i ona l  plasma a r c  tescs .  For example, 
the ex is t ing  Phase I environmental test model provided heating 
t rends fo r  s e a l  designs with t he  elevon def lec ted  10' up, a', and 
10" down. The Phase I1 "seal concept evaluation" gap model 
tes ted t h e  c u r t a i n  s e a l  concept u t i l i z i n g  the  worst heat ing con- 
d i t i o n  experienced during the  Phase I tests -- namely, with t he  
elevon 10' down. However, t h e  Orbi ter  elevon con t ro l  envelope 
allows elevon de f l ec t i ons  from 40° up through 20' down. An 
evaluat ion of t he  gap heat ing e f f e c t  of these  elevon def lec t ions  
should be pursued t o  f i l l  i n  t he  missing design da ta .  
Several other  inves t iga t ions  should be considered t o  provide ad- 
d i t i o n a l  bene f i t s  i n  the  a r ea  of design c r i t e r i a  and guidelines.  
The r e s u l t s  of t e s t i n g  cont ro l led  leakage through a t yp i ca l  cur- 
t a i n  seal would demonstrate l i m i t  condi t ions of s e a l  damage such 
as t e a r s ,  e t c .  And knowing t h e  e f f e c t s  of higher t o t a l  heat 
loads could a l s o  be valuable  backup d a t a  i f  en t ry  t r a j e c t o r y  
h i s t o r i e s  a r e  revised. Another quest ion t h a t  could be answered 
with a simple modification t o  t he  Phase I1 "elevon cove" test 
model concerns t he  e f f e c t s  on i n t e r n a l  elevon temperatures from 
t e s t i n g  a 0.75-in. spanwise gap. 
Because of t h e  s e n s i t i v i t y  of t h e  gap environment t o  l a t e r a l  
flow e f f e c t s ,  f u r the r  t 2 s t i ng  is  recommended t o  determine the  
l a t e r a l  heat ing va r i a t i on  within an elevon/wing cove gap. The 
e f f e c t s  of l a t e r a l  pressure grad ien ts  and hinge l i n e s  aligned 
at  angles  o ther  than 90' should a l so  be examined. This l i n e  
of t e s t i ng ,  however, would requi re  new t e s t  models and d i f f e r en t  
test f a c i l i t i e s .  
ADDITIONAL TEST RECOMMENDATION - CURTAIN SEAL MATERIALS 
The preliminary evaluat ion t e s t i n g  of Space Shu t t l e  wing-elevon 
cove seal mater ia l s  should be backed up by addi t iona l  t e s t i n g  t o  
j u s t i f y  our recommendation of t he  f l e x i b l e  s e a l  design. 
Additional tests t h a t  should be performed are :  
1 )  Tensi le  tests: 
- Tes ts  a t  temperatures from -250°F through 600°F, 
- Room-temperature t e s t s  of cycled specimens; 
2) Shear t e s t s  a t  temperatures of -250°F, -200°F, -150°F, and 
-lOO°F; 
3) Thermal conduct ivi ty  tests; 
4) Thermal expansion tests; 
5) Compatibil i ty tests with hydraul ic  f l u i d ,  s a l t  spray, and 
fungi;  
6) Vacuum t e s t i ng .  
"SECOND GENERAT ION" TEST RECOMMENDAT IONS 
The next considerat ion f o r  developing high-temperature gap design 
technology must be focused on resolving t h e  elevon end gap pro- 
blem. However, some f u t u r e  planning beyond t h i s  s t e p  is neces- 
sary.  Very b r i e f l y ,  t h e  following ideas  represent  some of our 
thinking on "second generat ion" tests. 
1 )  Configuration Goals 
- Full-scale  depth & l ength  - Elevon/Wing 
- Lates t  TPS system, including cu r t a in  s e a l  & l abyr in th  
( i f  required) 
2) Test Conditions - Lates t  Shu t t l e  en t ry  environment 
3) Test  Objective - Qual i f ica t ion  of alevon TPS and s e a l s  
4) Test  F a c i l i t y  - Langley High-Temperature S t ruc ture  Wind Tun- 
n e l  o r  s u i t a b l e  equivalent.  
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RECOMMENDAT ION: FOR 
QUALIFICATION TEST PROGRAM 
FOR SPACE SHUTTLE ORBITER 
AERCT)YNAMIC CONTROL SURFACE 
SEALS 
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Developing a qua l i f i ca t ion  program t o  t e s t  dynamic s e a l s  f o r  Space 
Shut t le  aerodynamic con t ro l  sur faces  requi res  nore d a t a  and in- 
formation than is present ly a. d l a b l e .  Some of the  da t a  t h a t  a r e  
not full-y defined a r e  a s  follows: 
1 )  End gap heating; 
2) S t ruc tu ra l  configuration; 
3) Thermal protect ion system; 
4) F ina l  vehicle  geometry; 
5) Aerodynamic con t ro l  surface de f l ec t ion  h is tory ;  
6 )  St ruc tu ra l  def lec t ions .  
We recommend-that t he  s e a l  qua l i f i ca t ion  t e s t  program include, 
a s  t he  major component, a  fu l l - s ca l e  wind tunnel t e s t  bed. The 
fu l l - s ca l e  r e f e r s  only t o  t he  elevon cross-section; the  length 
and width of the  test bed would be l imited by the  cons t r a in t s  
of t h e  t e s t  f a c i l i t y .  
The Langley Research Center 's  Mach 7,  8-ft-diameter High-Tempera- 
t u r e  S t ruc tures  Tunnel and the  AFF DL 50-megawatt Hypersonic 
F a c i l i t y  a r e  two candidate f a c i l i t i e s  f o r  t e s t i n g  t h e  fu l l - sca le  
test bed. The fu l l - s ca l e  test a r t i c l e  would be s imi l a r  t o  t h a t  
shown i n  Figure A-1, which is  a model of t h e  Space Shu t t l e  Orbi- 
t e r  wing-elevon-body area.  This model is approximately 30 in .  
deep by 50 in .  wide by 80 i n  long (not counting t h e  leading edge 
f i x t u r e ) .  The model is i n  the  inverted pos i t ion  with t h e  flow 
angle of a t t a c k  30' off  t h e  cen te r l i ne  of the  vehic le .  The 
e l w o n  is shown with its f u l l  de f l ec t ion  capab i l i t y  of -40' t o  
20°,  actuated by means of a  screw jack or a hydraulic cyl inder .  
The o r b i t e r  body is represented on one s i d e  of t he  model a s  
shown. The model support s t i n g  is i n  a low pos i t ion  and t h e  
rear frame of t he  f i x t u r e  is out of t he  way, allowing unblocked 
airf low through t h e  elevon end gap. Note t h a t  t he  hinged s e a l  
panel a t  the  upper sur face  winglelevon juncture is a l s o  a  pa r t  
of t h e  model. 
The mounting arrangement f o r  t h e  model should include t h e  cap- 
a b i l i t y  of varying t h e  yaw angles  t o  t e s t  the e f fec t iveness  cf 
s e a l s  I n  t o l e r a t ing  the  l a t e r a l  flow component. The model must 
include the  o r b i t e r  thermal pro tec t ion  system f o r  t he  surfaces.  
End *p 
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F i g .  A-1 Test Bed for Aeroddnamic ControZ Surface Seats 
The leading edge and forward 40 in .  (wing) of the model can be 
part of the model f ix ture  and do not have to be flightr-eight 
structure with a f l i g h t  TPS. Since the model is a t e s t  bed for 
aerodynamic control surface sea ls ,  the sea ls  shoul& be readily 
replaceable. 
